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Abstract

Silica- and alumina-supported nickel phosphide (NixPy ) catalysts have been prepared, characterized by bulk and surface sensitiv
niques, and evaluated for the hydrodesulfurization (HDS) of thiophene. Series of 30 wt% NixPy /SiO2 and 20 wt% NixPy /Al2O3 catalysts
were prepared from oxidic precursors with a range of P/Ni molar ratios by temperature-programmed reduction (TPR) in flowing H2. Ox-
idic precursors with molar ratios of P/Ni = 0.8 and 2.0 yielded catalysts containing phase-pure Ni2P on the silica and alumina suppor
respectively. At lower P/Ni ratios, significant Ni12P5 impurities were present in the NixPy /SiO2 and NixPy /Al2O3 catalysts as indicated b
X-ray diffraction. The HDS activities of the NixPy /SiO2 and NixPy /Al2O3 catalysts depended strongly on the P/Ni molar ratio of the oxidic
precursors with optimal activities obtained for catalysts containing phase-pure Ni2P and minimal excess P. After 48 h on stream, a Ni2P/SiO2
catalyst was 20 and 3.3 times more active than sulfided Ni/SiO2 and Ni–Mo/SiO2 catalysts, respectively. A Ni2P/Al2O3 catalyst was 2.7
times more active than a sulfided Ni/Al2O3 catalyst but only about half as active as a sulfided Ni–Mo/Al2O3 catalyst.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

A new class of materials, the transition-metal phosphi
(e.g., MoP[1–3], WP[3–5], and Ni2P[6–17]), have recently
been the focus of research within the catalysis com
nity, as these materials have shown high hydrodesulfu
tion (HDS) and hydrodenitrogenation (HDN) activity. It
hoped, therefore, that the development of metal phosph
based hydrotreating catalysts may help to meet future e
ronmental regulations requiring significant reductions in
allowable sulfur levels in transportation fuels.

In a previous study, we described the HDS catalytic pr
erties of Ni2P/SiO2 catalysts with a wide range of load
ings and compared them with sulfided Ni/SiO2, Mo/SiO2,
* Corresponding author. Fax: 360-650-2826.
E-mail address: mark.bussell@wwu.edu(M.E. Bussell).
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and Ni–Mo/SiO2 (Ni/Mo = 0.5) catalysts[13]. Briefly,
we observed that the thiophene HDS activity, after 10
on stream, of a 30 wt% Ni2P/SiO2 catalyst was approxi
mately 15 and 3 times more active than sulfided Mo/S2
and Ni–Mo/SiO2 catalysts, respectively. In addition, silic
supported Ni2P catalysts showed excellent stability und
HDS conditions. The HDS activities of Ni2P/SiO2 catalysts
correlated with their O2 chemisorption capacities, and it w
concluded that the high HDS activity of Ni2P/SiO2 catalysts
can be traced to both a high site density and a high turn
frequency (TOF).

Research in a number of laboratories has shown tha
TPR synthesis of phase-pure Ni2P on silica requires the us
of excess P in the oxidic precursor[3,7,8,12,13,15]. Time-

resolved X-ray diffraction (XRD) investigation of the TPR
synthesis of a Ni2P/SiO2 catalyst revealed that reduction of
an oxidic precursor with P/Ni = 0.8 proceeded sequentially,

http://www.elsevier.com/locate/jcat
mailto:mark.bussell@wwu.edu
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with silica-supported NiO converted first to Ni metal, th
to Ni12P5, and finally to Ni2P [12]. Oyama and co-worker
[8,15] showed that some excess P is volatilized during T
as PH3, and that some of the additional excess P rem
associated with the silica support.

Since a number of studies have reported that the pr
ration and hydrotreating properties of Ni2P/SiO2 catalysts
are sensitive to the precursor composition[7,8,13–15], we
have investigated in detail the effect of precursor comp
tion on the HDS properties of silica-supported NixPy cata-
lysts. Furthermore, since the typical support for commer
hydrotreating catalysts isγ -Al2O3, we have carried out
parallel investigation of NixPy /Al2O3 catalysts. Alumina in-
teracts more strongly with phosphorus than does silica,
this interaction is expected to influence the catalytic prop
ties of the supported Ni phosphides.

2. Experimental

2.1. Catalyst preparation

2.1.1. NixPy /SiO2

Catalysts containing 30 wt% NixPy /SiO2 were prepared
from oxidic precursors with molar ratios of P/Ni = 0.4,
0.5, 0.8, 1.0, 1.5, and 2.0, by a procedure described in
tail elsewhere[13]. This weight loading was determined
be optimal for thiophene HDS as reported previously[13].
20 wt% Ni12P5/SiO2 and Ni2P/SiO2 catalysts, used for th
IR spectroscopic measurements, were prepared from o
precursors with P/Ni = 0.4 and 0.8, respectively, by a sim
lar procedure.

2.1.2. NixPy /Al2O3

Catalysts containing 20 wt% NixPy /Al2O3 were prepared
from oxidic precursors with molar ratios of P/Ni = 0.5, 0.8,
1.0, 1.5, 2.0, and 2.5. This weight loading was selected
cause of the lower surface area of the alumina support (c
pared with the silica) and because a 20 wt% Ni2P/Al2O3 cat-
alyst had a higher activity than a catalyst with a 30 wt% lo
ing. Theγ -Al2O3 (Degussa; Aluminum Oxide C, 100 m2/g)
was calcined at 773 K before use and was impregn
with an aqueous solution of Ni(NO3)2 · 6H2O (Alfa Ae-
sar; 99.9985%) and NH4H2PO4 (Baker; 99.1%) to give the
desired P/Ni molar ratio in the catalyst precursor. The pr
cursors were dried at 393 K and calcined in air at 773
for 3 h. The TPR procedure was similar to that descri
elsewhere for Ni2P/SiO2 catalysts[13], except that the max
imum temperature reached was 1123 K instead of 923 K

2.1.3. SiO2- and Al2O3-supported NiO, MoO3, and
NiO–MoO3
Oxidic precursors of silica- and alumina-supported sul-
fided Ni, Mo, and Ni–Mo (Ni/Mo = 0.5) catalysts were
prepared as described elsewhere[2,13].
talysis 231 (2005) 300–313 301

2.2. Catalyst characterization

The catalysts prepared in this study were characterize
elemental analysis, BET surface area and O2 chemisorption
measurements, X-ray diffraction (XRD), X-ray photoele
tron spectroscopy (XPS), transmission electron microsc
(TEM), and infrared (IR) spectroscopy. The details of
BET surface area, O2 chemisorption, XRD, and XPS me
surements have been described elsewhere[13,18].

Analysis of the Ni and P contents of NixPy /SiO2 and
NixPy /Al2O3 catalysts was carried out by Huffman Labo
tories, Inc. The S content of NixPy /SiO2 and NixPy /Al2O3

catalysts subjected to H2S/H2 pretreatments was determin
with a LECO SC-144DR Sulfur and Carbon Analyzer. Af
degassing in flowing He at room temperature, the catal
were heated to 650 K in 1 h and maintained at 650 K
2 h, while under a 60 ml/min flow of a 3.03 mol% H2S/H2

mixture. The samples were subsequently flushed with
(60 ml/min) for 30 min at room temperature and then p
sivated for 2 h under a 60 ml/min flow of a 1 mol% O2/
He mixture. Approximately 0.3 g of catalyst was loaded i
the LECO analyzer, where it was combusted in pure O2 at
1623 K, and SO2 in the effluent was quantified with an I
detector.

The vacuum system used for IR spectroscopic meas
ments and the sample mounting procedure have been
scribed in detail elsewhere[19]. Transmission FTIR spectr
were acquired over the 4000–1000 cm−1 range (128 scans
4 cm−1 resolution) with procedures described elsewh
[16]. After mounting, the catalyst samples were evacua
to 10−3 Torr over a period of∼ 30 min before reduc
tion in flowing H2 (60 sccm) at 650 K for 1 h. The sam
ples were subsequently evacuated to∼ 1 × 10−7 Torr, an-
nealed at 650 K for 1 min, and cooled to room temp
ature, and a background IR spectrum was acquired.
IR spectrum of adsorbed CO was then collected at 29
while the catalyst sample was in the presence of 5.0
CO. IR spectra were collected for silica- and alumin
supported Ni2P, Ni12P5, and Ni catalysts, all with 20 wt%
loadings.

2.3. Thiophene HDS activity measurements

Thiophene HDS activity measurements were carried
at 643 K with a feed consisting of a 3.2 mol% thiophene2
mixture as described elsewhere[13,16]. The NixPy /SiO2

and NixPy /Al2O3 catalysts were pretreated by degass
in He (60 ml/min) at room temperature for 30 min, an
the SiO2- and Al2O3-supported NiO, MoO3, and NiO–
MoO3 catalysts were sulfided as described elsewhere[13].

Thiophene HDS activities (nmolTh/(gcats)) were calculated
from the total product peak areas calculated from the chro-
matogram after 48 h of reaction time.
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Table 1
Physiochemical data for silica-supported Ni2P catalysts

Oxidic precursor
molar ratio
(P/Ni)

XRD
phase(s)

Bulk
composition

Surface
composition

BET
surface area
(m2/g)

Chemisorption
capacity
(µmolO2/g)

HDS activitya

(nmolTh/

(gcats))

HDS TOFa

(s−1)

0.40 Ni12P5 Ni2.46P1.00 Ni3.88P1.00 105 214 693 0.0032
0.50 Ni12P5, Ni2P Ni1.88P1.00 – 90 144 1970 0.014
0.80 Ni2P Ni1.64P1.00 Ni2.23P1.00 79 130 2750 0.021
1.0 Ni2P Ni1.33P1.00 – 79 76 2130 0.028

1.5 Ni2P Ni0.89P1.00 – 51 19 805 0.043
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a After 48 h on-stream.

Fig. 1. A plot of the P/Ni molar ratio of NixPy /SiO2 and NixPy /Al2O3
catalysts as a function of the P/Ni molar ratio of their oxidic precursors.

3. Results

3.1. Catalyst characterization

3.1.1. Elemental analysis, X-ray diffraction, and
transmission electron microscopy

The elemental compositions of the NixPy /SiO2 catalysts
are listed inTable 1, and the P/Ni molar ratios of the oxidic
precursors and the NixPy /SiO2 catalysts are plotted again
one another inFig. 1. For NixPy /SiO2 catalysts prepare
from oxidic precursors with P/Ni > 0.5, some P is lost from
the catalysts during TPR, but, except for the catalyst w
P/Ni = 0.4, the catalysts contain P in excess of that
pected from the stoichiometry of Ni2P. XRD patterns for the
NixPy /SiO2 catalysts and for unsupported Ni2P, as well as a
JCPDS reference pattern for Ni12P5 (card no. 22-1190[20]),
are shown inFig. 2. The XRD pattern of the unsupporte
Ni2P is similar to a reference pattern from the JCPDS p
der diffraction file (card no. 089-2742[20]). The XRD pat-
tern for the NixPy /SiO2 catalyst with a molar ratio P/Ni =
0.4 in the oxidic precursor shows only the peaks observe

the Ni12P5 reference pattern. Henceforth, this catalyst (P/Ni
= 0.4) will be referred to as Ni12P5/SiO2. The elemental
composition of the Ni12P5/SiO2 catalyst was determined to
36 12 575 0.048

Fig. 2. XRD patterns for NixPy /SiO2 catalysts with different P/Ni molar
ratios in their oxidic precursors.

be Ni2.46P1.00, which is in good agreement with the expec
stoichiometry (Ni2.4P1.0). As the amount of phosphorus
the oxidic precursor is increased to a molar ratio P/Ni =
0.5, the XRD pattern exhibits peaks for both Ni12P5 and
Ni2P. Phase-pure Ni2P is achieved for the NixPy /SiO2 cat-
alyst prepared from an oxidic precursor with a molar ra
P/Ni ratio = 0.8. Henceforth, this catalyst (P/Ni = 0.8)
will be referred to as Ni2P/SiO2. The elemental compositio
of the Ni2P/SiO2 catalyst was determined to be Ni1.64P1.00,
which is quite P-rich compared with the composition e
pected from the stoichiometry of Ni2P. As the molar ratio in

the oxidic precursors is increased further (P/Ni > 0.8), Ni2P
is the only crystalline phase observed in the XRD patterns of
the NixPy /SiO2 catalysts up to a molar ratio of P/Ni = 2.0.
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Fig. 3. (a) Low and (b) high resolution TE

For the NixPy /SiO2 catalyst prepared from an oxidic pr
cursor with P/Ni = 2.0, the XRD pattern exhibits peaks
addition to those for Ni2P. The peaks for the crystalline im
purity (2θ = 21.2◦, 25.6◦, 26.7◦, 28.4◦, 30.0◦, 31.6◦, 35.1◦,
38.2◦, and 43.5◦) are consistent with the presence of P2O5

(card no. 05-0318[20]) and P4O7 (card no. 38-0932[20]) on
the silica support. Reference toFig. 1 reveals that P is los
from the NixPy /SiO2 catalysts only after phase-pure Ni2P is
formed on the silica support (P/Ni � 0.8). However, not al
of the excess P is volatilized; instead some remains on
support as PxOy compounds.

Using the Scherrer equation[21], we calculated averag
crystallite sizes of 15 and 22 nm for the 30 wt% Ni12P5/SiO2

and Ni2P/SiO2 catalysts, respectively. For these calcu
tions, the full width at half-maximum (FWHM) of the {111
reflection at 40.8◦ for Ni2P and the {312} reflection a
49.0◦ for Ni12P5 were used. TEM images of a 30 wt
Ni12P5/SiO2 catalyst are shown inFig. 3. The low-resolution
TEM image (Fig. 3a) reveals that the Ni12P5 particle sizes
range up to approximately 30 nm. The high-resolution
age of a silica-supported Ni12P5 particle (Fig. 3b) indicates
that Ni12P5 adopts a globular morphology on the silica su
port. The Ni12P5 particle has a diameter of 17 nm, and t
indicatedd-spacing is consistent with the {310} crystallo
graphic plane of Ni12P5, as determined by comparison wi
the JCPDS powder diffraction file (card no. 22-1190[20]).
Low- and high-resolution images of a 25 wt% Ni2P/SiO2

catalyst were published previously[13]. After synthesis, the
NixPy /SiO2 catalysts were subjected to a flow of a 1 mo

O2/He mixture at room temperature, so that a thin oxide
layer formed on the outer surfaces of the particles, to pre-
vent deep oxidation of the catalysts upon air exposure. The
(b)

icrographs of a 30 wt% Ni12P5/SiO2 catalyst.

Fig. 4. High resolution TEM micrograph of a 25 wt% Ni2P/SiO2 catalyst.

high-resolution TEM image displayed inFig. 4 shows evi-
dence of the passivation layer on a Ni2P particle in a 30 wt%
Ni2P/SiO2 catalyst. A light gray band with a thickness of a
proximately 2 nm can be seen to extend around the exte
edge of the Ni2P particle.

The elemental compositions of the NixPy /Al2O3 catalysts
are listed inTable 2, and the P/Ni molar ratios of the oxidic

precursors and the NixPy /Al2O3 catalysts are plotted against
one another inFig. 1. For NixPy /Al2O3 catalysts prepared
from oxidic precursors with P/Ni > 1.5, some P is lost from
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Table 2
Physiochemical data for alumina-supported Ni2P catalysts

Oxidic precursor
molar ratio
(P/Ni)

XRD
phase(s)

Bulk
composition

Surface
composition

BET
surface area
(m2/g)

Chemisorption
capacity
(µmolO2/g)

HDS activitya

(nmolTh/

(gcats))

HDS TOFa

(s−1)

0.5 Ni12P5 Ni1.88P1.00 Ni2.32P1.00 66 123 166 0.0014
0.8 Ni12P5 Ni1.23P1.00 – 62 47 188 0.0039
1.0 Ni12P5, Ni2P Ni1.03P1.00 – 63 85 307 0.0036
1.5 Ni12P5, Ni2P Ni0.66P1.00 – 61 60 438 0.0073

2.0 Ni2P Ni0.57P1.00 Ni0.25P1.00 62 89 1020 0.012
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a After 48 h on-stream.

the catalysts during TPR, but all of the catalysts contain
excess of that expected from the stoichiometry of Ni2P. XRD
patterns for the NixPy /Al2O3 catalysts and for unsupporte
Ni2P and a reference pattern for Ni12P5 are shown inFig. 5.
The XRD patterns for the NixPy /Al2O3 catalysts show peak
associated with theγ -Al2O3 support (2θ = 32.5◦, 36.6◦,
39.5◦, 45.6◦, and 67.1◦) that are consistent with a referen
pattern from the JCPDS powder diffraction file (card no.
1420[20]). Excluding the peaks forγ -Al2O3, the XRD pat-
tern for the NixPy /Al2O3 catalyst with a molar ratio P/Ni =
0.5 in the oxidic precursor shows only the peaks observe
the Ni12P5 reference pattern. Henceforth, this catalyst (P/Ni
= 0.5) will be referred to as Ni12P5/Al2O3. The elementa
composition of the Ni12P5/Al2O3 catalyst was determined t
be Ni1.88P1.00, which is quite P-rich compared with the com
position of Ni12P5 (Ni2.4P1.0). The only apparent peaks
the XRD pattern for the NixPy /Al2O3 catalyst prepared from
an oxidic precursor with P/Ni = 0.8 are those for Ni12P5,
whereas the catalysts prepared from precursors with P/Ni =
1.0 and 1.5 exhibit peaks for both Ni12P5 and Ni2P. Phase-
pure Ni2P on the alumina support was successfully prepa
from an oxidic precursor with a molar ratio P/Ni = 2.0.
Henceforth, this catalyst will be referred to as Ni2P/Al2O3.
The elemental composition of the Ni2P/Al2O3 catalyst was
determined to be Ni0.57P1.00, which is very P-rich compare
with the composition expected from the stoichiometry
Ni2P. As the molar ratio in the oxidic precursors is increa
to P/Ni = 2.5, Ni2P is the only crystalline phase observe
but the peaks in the XRD pattern are substantially sma
than those for the Ni2P/Al2O3 catalyst (P/Ni = 2.0). Similar
to the silica-supported catalysts, reference toFig. 1 reveals
that P is lost from NixPy /Al2O3 catalysts only after phase
pure Ni2P is formed on the alumina support (P/Ni � 2.0).

Average crystallite sizes of 11 and 15 nm were cal
lated for the 20 wt% Ni12P5/Al2O3 and Ni2P/Al2O3 cata-
lysts, respectively, with the use of the Scherrer equation
the same reflections as were used for the silica-suppo
catalysts. TEM images of the 20 wt% Ni2P/Al2O3 and
Ni12P5/Al2O3 catalysts (seeSupplementary Information) re-
veal that the Ni phosphide particle sizes range up to
proximately 30 nm for the Ni2P/Al2O3 catalyst, but up to

only about 16 nm for the Ni12P5/Al2O3 catalyst. The high-
resolution images reveal that the alumina-supported Ni2P
and Ni12P5 particles adopt globular morphologies.
53 54 396 0.0073

Fig. 5. XRD patterns for NixPy /Al2O3 catalysts with different P/Ni molar
ratios in their oxidic precursors.

S analysis of silica- and alumina-supported Ni2P and
Ni12P5 catalysts was carried out after treatment at 650
in a H2S/H2 mixture and subsequent passivation. The d
for these measurements are given inSupplementary Infor
mation. If it is assumed that no P (or Ni) is lost from th
catalysts during the H2S/H2 treatments and that the S is ass
ciated only with the Ni phosphide particles, then the com
sition of the phosphosulfide phases (NiPxSy) can be calcu-
lated. For the Ni2P/SiO2 and Ni2P/Al2O3 catalysts, particle
compositions of Ni2.0P1.0S0.017 and Ni2.0P1.0S0.050, respec-
tively, can be determined. For the Ni12P5/SiO2 and Ni12P5/

Al2O3 catalysts, particle compositions of Ni2.4P1.0S0.24 and
Ni2.4P1.0S0.25, respectively, can be calculated. Clearly, the
more Ni-rich Ni12P5 phase incorporates substantially more
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Table 3
Physiochemical data for sulfide catalysts

Catalyst BET sur-
face area
(m2/g)

Chemisorption
capacity
(µmolO2/g)

HDS activitya

(nmolTh/

(gcats))

HDS
TOFa

(s−1)

Sulf. Ni/SiO2 113 72 136 0.0019
Sulf. Mo/SiO2 92 18 232 0.013
Sulf. Ni–Mo/SiO2 96 23 826 –

Sulf. Ni/Al2O3 81 317 379 0.0012
Sulf. Mo/Al2O3 58 54 782 0.014
Sulf. Ni–Mo/Al2O3 55 21 2190 –

a After 48 h on-stream.

sulfur as a result of treatment in H2S/H2 at 650 K than does
Ni2P. Using energy-dispersive X-ray analysis (EDAX), K
rányi [14] detected no sulfur in unsupported Ni2P sulfided
in 10 mol% H2S/H2 at 673 K, and temperature-programm
sulfidation of Ni2P showed insignificant uptake of H2S at
temperatures up to 1073 K. However, XPS showed s
sulfur present at the surface of the sulfided Ni2P [14]. Af-
ter 300 h on stream in a mixed feed containing 3000 p
dibenzothiophene, Oyama et al.[15] determined the ele
mental composition of a 24.4 wt% Ni2P/SiO2 catalyst to be
Ni2.0P1.2S0.060, consistent with the low S content report
here for a sulfided Ni2P/SiO2 catalyst.

3.1.2. BET surface area and O2 chemisorption
The BET surface areas and O2 chemisorption capacitie

for the NixPy /SiO2 and NixPy /Al2O3 catalysts and for sul
fided Ni/SiO2, Ni/Al 2O3, Ni–Mo/SiO2, and Ni–Mo/Al2O3
(Ni/Mo = 0.5) catalysts are listed inTables 1–3. For the
NixPy /SiO2 and NixPy /Al2O3 catalysts, the BET surface a
eas and O2 chemisorption capacities generally decrease w
increasing P content of the catalysts.

3.1.3. X-ray photoelectron spectroscopy
The XPS spectra in the Ni(2p) and P(2p) regions

30 wt% Ni2P/SiO2 and Ni12P5/SiO2 catalysts are show
in Fig. 6, and the spectra for 20 wt% Ni2P/Al2O3 and
Ni12P5/Al2O3 catalysts are shown inFig. 7. The peaks in
the XPS spectrum for the Ni2P/SiO2 catalyst have been a
signed previously[13]. The peaks at 857.2 and 134.3 e
are assigned to Ni2+ and P5+ species, respectively, in th
passivation layer formed on the Ni2P particles following
synthesis. The peaks observed at 853.5 and 129.5 eV
assigned to reduced Ni and P species, respectively. T
binding energies indicate that the Ni in Ni2P has a partia
positive charge (δ+), where 0< δ < 2, whereas the P ha
a partial negative charge (δ−), where 0< δ < 1. The XPS
spectrum for the Ni12P5/SiO2 catalyst is similar to that fo
the Ni2P/SiO2 catalyst in most regards, but with some im
portant differences. Two peaks are apparent in the Ni(2p3/2)
region at 853.0 and 856.8 eV, which are assigned to Nδ+

2+
and Ni species, respectively. The magnitude ofδ must be
quite small, as the Ni(2p3/2) binding energy of 853.0 eV is
close to that of Ni metal (852.5–852.9 eV[22]). This bind-
talysis 231 (2005) 300–313 305

e
e

Fig. 6. XPS spectra in the Ni(2p) and P(2p) regions for 30 wt% Ni2P/SiO2
and Ni12P5/SiO2 catalysts.

Fig. 7. XPS spectra in the Ni(2p) and P(2p) regions for 20 wt% Ni2P/Al2O3
and Ni12P5/Al2O3 catalysts.

ing energy is somewhat lower than that observed for N
the Ni2P/SiO2 catalyst, suggesting less transfer of elect

density from Ni to P in Ni12P5. The peak intensities for the
reduced and oxidized Ni species in the XPS spectrum for
the Ni12P5/SiO2 catalyst are also reversed from those for the
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Ni2P/SiO2 catalyst, suggesting that there is a thicker pa
vation layer on the surface of the Ni12P5/SiO2 catalyst. For
this reason, the satellite peak at 862.0 eV, which is ass
ated with Ni2+ species[23,24], is more pronounced for th
Ni12P5/SiO2 catalyst than for the Ni2P/SiO2 catalyst. In the
P(2p) region, a peak at 133.8 eV is assigned to P5+ species
in the passivation layer, and a weak shoulder at∼ 129.5 eV
is assigned to Pδ− species, where 0< δ < 1.

The XPS spectra for 20 wt% Ni2P/Al2O3 and Ni12P5/
Al2O3 catalysts (Fig. 7) generally mirror those for the silica
supported catalysts. The P(2p) region shows one signifi
difference: the XPS spectrum of the Ni2P/Al2O3 catalyst
has a very intense peak at 134.7 eV that is consistent
the binding energy of P in AlPO4 molecular sieves (134.6
134.8 eV[25]). Some of the phosphorus impregnated o
theγ -Al2O3 in the form of NH4H2PO4 is apparently react
ing with the support to form AlPO4 at the surface of the ca
alyst. This likely explains why a large excess of P (P/Ni =
2.0) is necessary in the oxidic precursor so that phase-
Ni2P can be prepared onγ -Al2O3. A slight excess of P
(P/Ni = 0.5) was needed to prepare phase-pure Ni12P5 on
γ -Al2O3, which may reflect that some P has reacted with
support in this catalyst to form AlPO4 as well. Although the
P(2p3/2) binding energy (134.0 eV) for Ni12P5/Al2O3 cata-
lyst is below that of AlPO4, comparison of the P(2p) region
for the Ni12P5 catalysts (Figs. 6 and 7) reveals a substantiall
larger peak at∼ 134.0 eV for Ni12P5 supported on alumin
than on silica. The surface Ni and P concentrations for
silica- and alumina-supported Ni2P and Ni12P5 catalysts are
listed inTables 1 and 2.

3.1.4. Infrared spectroscopy of adsorbed CO
IR spectra for adsorbed CO on silica- and alumi

supported Ni, Ni12P5, and Ni2P catalysts were acquired b
fore and after exposure to 5.0 Torr CO. The IR spectra
shown; acquired before CO exposure) in theνOH region
show no evidence for P–OH species on the Ni12P5/SiO2
and Ni2P/SiO2 catalysts, whereas a peak is apparen
3676 cm−1 in the IR spectra of the Ni12P5/Al2O3 and
Ni2P/Al2O3 catalysts. This peak, which is slightly larg
for the Ni2P/Al2O3 catalyst, is assigned to theνOH mode
of P–OH species[26]. The IR spectra for adsorbed CO o
Ni/SiO2 and Ni2P/SiO2 catalysts (Fig. 8) have recently bee
discussed elsewhere[16]. For the reduced Ni/SiO2 catalyst,
the intenseνCO absorbance at 2074 cm−1 is assigned to
CO terminally bonded to Ni0 sites, and the two weakνCO
absorbances at 1977 and 1915 cm−1 are assigned to CO ad
sorbed to Ni0 bridge sites. A shoulder on the intenseνCO
absorbance at 2074 cm−1 is observed at 2056 cm−1 and is
assigned to nickel tetracarbonyl (Ni(CO)4) species formed
upon CO adsorption.

The IR spectrum of adsorbed CO on the Ni/Al2O3 cata-
lyst (Fig. 9) agrees well with IR spectra previously report

by others[27,28]. The peak position of the intenseνCO ab-
sorbance at 2090 cm−1 is assigned to linearly bonded CO on
Ni0 sites[27,28]. The weakνCO absorbance at 2153 cm−1
alysis 231 (2005) 300–313

t

Fig. 8. Infrared spectra of adsorbed CO on reduced 20 wt% Ni/SiO2,
Ni12P5/SiO2, and Ni2P/SiO2 catalysts.
Fig. 9. Infrared spectra of adsorbed CO on reduced 20 wt% Ni/Al2O3,
Ni12P5/Al2O3, and Ni2P/Al2O3 catalysts.
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Table 4
Infrared data for reduced and phosphide catalysts

Catalyst νCO
a

(cm−1)
Relative CO site
densitiesa,b

Ni/SiO2 2074 0.87
Ni/Al 2O3 2089 2.35
Ni2P/SiO2 2083 3.41
Ni2P/Al2O3 2093 1.26
Ni12P5/SiO2 2089 1.93
Ni12P5/Al2O3 2091 1.96

a For CO adsorbed on Ni atop sites only at 298 K.
b Integrated absorbance/mg catalyst.

is assigned to CO terminally adsorbed to an oxidized
site. The CO stretching vibrations observed at 1844, 19
1940, and 1966 cm−1 are assigned to CO adsorption on tw
fold Ni0 bridge sites[29–31]. The weakνCO absorbance a
1758 cm−1 has not been assigned. Similar to the Ni/Si2
catalyst, a shoulder at∼ 2056 cm−1 is assigned to adsorbe
Ni(CO)4 on the catalyst surface. The peak positions for
minally bonded CO species and relative CO site densities
summarized inTable 4.

Substantial differences are observed in the IR spectr
adsorbed CO on the silica- and alumina-supported Ni
alysts upon incorporation of P to form Ni12P5 and Ni2P
phases (Figs. 8 and 9). CO adsorption on bridge sites an
formation of Ni(CO)4 are suppressed for the Ni phosphi
catalysts, and the peak positions of theνCO absorbance asso
ciated with linearly bonded CO shift to higher wavenumbe
The νCO absorbance for CO adsorbed on atop Ni site
centered at 2089 cm−1 for the Ni12P5/SiO2 catalyst and a
2091 cm−1 for the Ni12P5/Al2O3 catalyst. For the Ni2P/SiO2
and Ni2P/Al2O3 catalysts, thisνCO absorbance is locate
at 2083 and 2093 cm−1, respectively. It is unclear why th
peak position of theνCO absorbance for linearly bonde
CO on the Ni2P/SiO2 catalyst lies between the values f
the Ni/SiO2 and Ni12P5/SiO2 catalysts. The heating cha
acteristics vary slightly from sample to sample in our
system, which may influence the extent of reduction of
thin oxide layer on the surface of silica-supported NixPy

particles. As reported previously, the position of theνCO
absorbance for CO adsorbed atop Ni sites of Ni2P/SiO2 cat-
alysts was sensitive to the temperature and hydrogen
sure used for the reduction pretreatment[16]. A very weak
νCO absorbance feature is observed at 2196–2203 c−1

for the Ni12P5/SiO2, Ni12P5/Al2O3, and Ni2P/Al2O3 cata-
lysts; a similar absorbance feature has also been obse
for a Ni2P/SiO2 catalyst in 5.0 Torr CO at 150 K and
Ni2P/SiO2 catalyst reduced under milder conditions[16].
This νCO absorbance feature has recently been assigne
a surface-bonded P=C=O species[16]. A slight increase in
the intensity of the IR absorbance at∼ 2200 cm−1 is ob-
served with increasing P content for the Ni12P5/Al2O3 and
Ni2P/Al2O3 catalysts, but the opposite trend is observed

the Ni12P5/SiO2 and Ni2P/SiO2 catalysts. Given the sen-
sitivity of the ∼ 2200 cm−1 absorbance band to reduction
conditions[16] and the slight variations of the heating char-
talysis 231 (2005) 300–313 307
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acteristics of samples in our IR system, we do not think
prudent to try to correlate the small changes in the inten
of this band with the P content of the catalysts.

Infrared spectra were also acquired for adsorbed
on silica- and alumina-supported Ni12P5 and Ni2P cata-
lysts after a sulfidation pretreatment at 650 K. As descri
previously, sulfidation of a 20 wt% Ni2P/SiO2 catalyst re-
sulted in a decrease in the quantity of adsorbed CO
shifted theνCO absorbance for CO adsorbed on atop
sites from 2083 to 2093 cm−1. These results indicate th
some S is incorporated into or adsorbed onto Ni2P/SiO2
catalysts upon H2S/H2 pretreatment, blocking sites an
withdrawing electron density from the Ni sites. The
sults for Ni12P5/SiO2, Ni12P5/Al2O3, and Ni2P/Al2O3 cata-
lysts pretreated in H2S/H2 are consistent with those for th
Ni2P/SiO2 catalyst; the quantity of adsorbed CO decrea
and theνCO absorbance for CO adsorbed on atop Ni s
shifts to higher wavenumbers.

As indicated by the peak intensities and the relative
site densities (Table 4), the amount of adsorbed CO is high
on the Ni12P5/SiO2 catalyst relative to the Ni/SiO2 catalyst,
whereas a decrease is observed for the Ni12P5/Al2O3 and
Ni/Al 2O3 catalysts. These trends hold true for the Ni2P/SiO2
and Ni2P/Al2O3 catalysts as well, with the Ni2P/SiO2 cat-
alyst adsorbing the greatest amount of CO for the sil
supported catalysts, and the Ni2P/Al2O3 catalyst adsorbing
the least CO of the alumina-supported catalysts. Incorp
tion of P into the silica-supported catalysts apparently
creases the dispersion of the Ni phase, whereas the
excess of P needed for the preparation of the alum
supported Ni phosphide catalysts apparently blocks Ni s
on these catalysts.

3.1.5. Thiophene HDS activities
The thiophene HDS activities of the 30 wt% NixPy /SiO2

and 20 wt% NixPy /Al2O3 catalysts after 48 h on stream a
plotted inFig. 10as a function of the P/Ni molar ratios of
the catalysts calculated from the bulk compositions lis
in Tables 1 and 2. For both supports, the HDS activities
the NixPy catalysts depend strongly upon the composit
of the oxidic precursors. Maxima of HDS activity are o
served at compositions of Ni1.64P1.00 and Ni0.57P1.00 for the
NixPy /SiO2 and NixPy /Al2O3 catalysts, respectively. Re
erence toTables 1 and 2reveals that these compositio
correspond to the oxidic precursors containing the low
P contents that yield phase-pure Ni2P on the oxide sup
ports. For these optimized compositions, correspondin
the catalysts designated as Ni2P/SiO2 and Ni2P/Al2O3, the
silica-supported catalyst is 2.7 times more active than
alumina-supported catalyst after 48 h on stream. The p
ence of Ni12P5 in the silica- and alumina-supported NixPy

catalysts has deleterious effects on the catalysts; Ni12P5 is
substantially less active for thiophene HDS than is pha

pure Ni2P on both supports. From the activity data summa-
rized in Tables 1 and 2, it can be seen that the Ni2P/SiO2
catalyst is 4 times more active than the Ni12P5/SiO2 catalyst
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Fig. 10. Thiophene HDS activities (after 48 h on-stream) of 30 w
NixPy /SiO2 and 20 wt% NixPy /Al2O3 catalysts as a function of the com
position (P/Ni molar ratio) of the catalysts.

after 48 h on stream, and the Ni2P/Al2O3 catalyst is 6 times
more active than the Ni12P5/Al2O3 catalyst.

The turnover frequencies (TOFs) of the 30 wt% NixPy /
SiO2 and 20 wt% NixPy /Al2O3 catalysts, which we calcu
lated by dividing the HDS activities after 48 h on strea
by the O2 chemisorption capacities, are plotted inFig. 11
as a function of the P/Ni molar ratios of the catalysts. Fo
the NixPy /SiO2 catalysts, the TOFs increase sharply w
increasing P content, whereas the NixPy /Al2O3 catalysts ex-
hibit a much weaker trend of increasing TOF with P conte

The HDS activities and TOFs of the most active ph
phide catalysts on the silica and alumina supports, Ni2P/SiO2
and Ni2P/Al2O3, can be compared to those of sulfided
Mo, and Ni–Mo (Ni/Mo = 0.5) on the two supports (seeTa-
bles 1–3). The 30 wt% Ni2P/SiO2 is more active than all o
the sulfide catalysts, including 3.3 and 1.3 times more ac
than sulfided Ni–Mo/SiO2 and Ni–Mo/Al2O3 catalysts, re-
spectively, after 48 h on stream. The TOFs of the Ni2P/SiO2
and Ni2P/Al2O3 catalysts are similar to or higher than tho
of the sulfided Ni and Mo catalysts.

4. Discussion

The synthesis utilized in this study to prepare NixPy /SiO2
catalysts involved impregnation of the SiO2 support with
Ni(NO3)2 · 6H2O followed by drying, calcination at 773 K
and subsequent impregnation with NH4H2PO4. The precur-

sors were not calcined after the phosphate impregnation.
As reported previously[12,13], this synthesis method yields
NiO on the silica support as detected by XRD and presum-
alysis 231 (2005) 300–313

Fig. 11. Thiophene HDS turnover frequencies (after 48 h on-stream
30 wt% NixPy /SiO2 and 20 wt% NixPy /Al2O3 catalysts as a function o
the composition (P/Ni molar ratio) of the catalysts.

ably adsorbed NH4H2PO4 as depicted inScheme 1. Time-
resolved XRD showed that the reduction of an oxidic p
cursor with a molar ratio P/Ni = 0.8 proceeded sequential
to give Ni, Ni12P5, and ultimately Ni2P on the silica suppor
as the TPR proceeded (seeScheme 1) [12]. Prins and co-
workers[7] have proposed a similar scheme for the reduc
of oxidic precursors of NixPy /SiO2 catalysts with molar ra
tios P/Ni = 0.5–0.65. The preparation procedure used in
current study, which has been described in detail in a pr
ous publication[13], is different from that reported by th
laboratories of Oyama[8,10] and Prins[7]. The synthese
used in the three groups vary in the sequence of impre
tion and calcination steps and in the composition (P/Ni mo-
lar ratio) of the oxidic precursors. The synthesis develope
our laboratory yields Ni2P/SiO2 catalysts with smaller Ni2P
crystallites in comparison with catalysts prepared by the
ferent methods but with similar loadings[13].

As the results of the current study indicate, the P/Ni mo-
lar ratio of the oxidic precursor is critical in determining t
composition and properties of the NixPy /SiO2 catalysts. For
P/Ni < 0.8, there is insufficient P in the oxidic precurso
to yield pure Ni2P on the support, and the resulting ca
lysts contain Ni12P5. Reference toFig. 1 shows that no P
is lost from the oxidic precursors of NixPy /SiO2 catalysts
with P/Ni < 0.8. For these catalysts, P in the oxidic p
cursor is incorporated into the Ni phase, forming Ni12P5
or Ni2P, or becomes associated with the silica support
prepare phase-pure, silica-supported Ni2P, excess P must b

used in the catalyst precursor (P/Ni = 0.8). Some of this
excess P is lost from the catalyst during TPR (presumably
as PH3), but the bulk composition of the Ni2P/SiO2 cata-
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Scheme 1. Schematic representation of the silica-supported

(a) (b)

Scheme 2. Schematic representations of (a) Ni2P/SiO2 and (b) Ni2P/Al2O3
catalysts.

lyst, Ni1.64P1.00, indicates that a substantial amount of t
excess P remains on the catalyst. Using solid-state31P NMR
spectroscopy, Prins and co-workers[7] observed no evidenc
for silicon phosphates on Ni2P/SiO2 catalysts, but did detec
signals typical of phosphate species. As will be discus
shortly, studies by Oyama and co-workers[15] indicate that
much of the excess P on the surface of Ni2P/SiO2 catalysts
is lost during HDS. Similarly to Oyama et al.[15], we con-
clude that the excess P is associated with the silica sup
For NixPy /SiO2 catalysts prepared from oxidic precurso
with molar ratios P/Ni � 0.8, phase-pure Ni2P is formed
on the silica and some P is lost from the catalyst dur
TPR, but increasing amounts of P remain associated with
support. For the NixPy /SiO2 catalyst prepared from a pre
cursor with P/Ni = 2.0, XRD peaks are assigned to P2O5
and P4O7 in addition to Ni2P (seeFig. 2). Assuming that
these same phases are formed in catalysts prepared from
cursors with 0.8� P/Ni < 2.0 but that the crystallites ar
too small to be detected by XRD, the schematic represe
tion of a freshly prepared Ni2P/SiO2 catalyst (P/Ni = 0.8)
shown inScheme 2a can be proposed. As the P/Ni molar
ratio is increased above 0.8, the size of the PxOy particles
increases. The BET surface areas and O2 chemisorption ca
pacities of the NixPy /SiO2 catalysts decrease monotonica
with increasing P content, indicating that the PxOy particles
on the catalyst surface block access to adsorption sites.

Alumina-supported Ni2P was not successfully prepar
from oxidic precursors synthesized by the method
scribed for silica-supported Ni2P. Instead, a Ni2P/Al2O3
catalyst was successfully synthesized from an oxidic
cursor (P/Ni = 2.0) prepared by impregnation ofγ -Al2O3
with a solution of Ni(NO3)2 · 6H2O and NH4H2PO4 fol-
lowed by drying and calcination at 773 K. Complete red
tion of the oxidic precursor to give alumina-supported N2P
required a maximum TPR temperature of 1123 K, 200
grees higher than the maximum TPR temperature ne
to prepare unsupported and silica-supported Ni2P. Oyama
and co-workers[1,32,33] observed similar differences i
the preparation of MoP/SiO2 and MoP/Al2O3 catalysts;

the maximum TPR temperature needed for the alumina-
supported MoP (� 1123 K) was substantially higher than
that needed for the silica-supported MoP (850 K). The
ses formed during TPR of the oxidic precursor of a Ni2P/SiO2 catalyst.

.

-

higher temperatures needed to reduce the oxidic pre
sors of the alumina-supported phosphides are presum
due to the stronger interactions of the metals (Mo, Ni) a
phosphate withγ -Al2O3 than with SiO2. The stronger inter
action of phosphate withγ -Al2O3 likely explains the need
for a substantially higher P content in the oxidic prec
sor for the Ni2P/Al2O3 catalyst (P/Ni = 2.0) than for the
Ni2P/SiO2 catalyst (P/Ni = 0.8). As with the NixPy /SiO2
catalysts, no P is lost from the NixPy /Al2O3 catalysts until
phase-pure Ni2P is synthesized on the support (seeFig. 1).
Reference to the bulk compositions inTable 2indicates that
all of the NixPy /Al2O3 catalysts contain substantial exces
of P relative to the expected compositions of the Ni ph
phide phases identified in the catalysts by XRD. Presum
this excess P is associated with theγ -Al2O3 support, and
XPS (seeFig. 7) indicates that reaction has occurred
produce AlPO4. A schematic representation of a fresh
prepared Ni2P/Al2O3 catalyst (P/Ni = 2.0) is shown in
Scheme 2b. In contrast to the Ni2P/SiO2 catalyst, which re-
quired a smaller excess of P that interacts more weakly
the support (Scheme 2a), the schematic representation of t
Ni2P/Al2O3 catalyst (Scheme 2b) shows a layer of AlPO4
covering theγ -Al2O3. A νOH absorbance at 3776 cm−1 in
the IR spectra of the Ni12P5/Al2O3 and Ni2P/Al2O3 cat-
alysts that can be assigned to POH species supports
conclusion[34]. An AlPO4 layer may also be present b
tween the alumina and the Ni2P particles.

A strong dependence of HDS activity on catalyst com
sition is observed for both the NixPy /SiO2 and NixPy /Al2O3
catalysts, as shown inFig. 10. For NixPy /SiO2 catalysts pre-
pared from oxidic precursors with compositions over
range P/Ni = 0.4–2.0, the catalyst with the highest act
ity (P/Ni = 0.8) was 4.8 times more active than the cata
with the lowest activity (P/Ni = 2.0). The highest activity
catalyst, designated Ni2P/SiO2, was also 20 times more a
tive than a P-free sulfided Ni/SiO2 catalyst with the sam
Ni loading. The optimal P/Ni molar ratio of the oxidic pre-
cursor (P/Ni = 0.8) is identified with the composition tha
contains just enough P to ensure formation of Ni2P on the
silica support. For P/Ni < 0.8, Ni12P5 is present on the
silica, either alone or with Ni2P, and this Ni phosphide i
substantially less active for thiophene HDS than is N2P.
For P/Ni > 0.8, excess P remains on the catalyst surfa
and the BET surface areas and O2 chemisorption capacitie
of these catalysts decline quickly with increased P cont
Oyama and co-workers[8] observed a similar dependen
for the hydrodenitrogenation (HDN) of quinoline on t

composition of the oxidic precursors of NixPy /SiO2 cata-
lysts, but observed only a very weak dependence for the
HDS of dibenzothiophene. In addition to using a different
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organosulfur compound, these authors utilized a mixed
and prepared their oxidic precursors by a different meth
The maximum in HDN activity was observed for oxidic pr
cursors with molar ratios P/Ni = ∼ 2.0 [8], a much higher
P content than for the optimal oxidic precursor (P/Ni =
0.8) examined in the current HDS study. Phase-pure N2P
was formed on the silica support for oxidic precursors w
P/Ni � 1.0, but Oyama and co-workers[8] observed tha
higher P contents improved the dispersion of the suppo
Ni2P. For an oxidic precursor with a molar ratio P/Ni = 3.0,
the quinoline HDN activity fell precipitously, whereas th
dibenzothiophene HDS activity dropped only slightly fro
its maximal value. Elemental analysis of the Ni and P c
tents of spent catalysts yielded compositions of Ni1.75P1.00
and Ni1.33P1.00 for NixPy /SiO2 catalysts prepared from ox
idic precursors with molar ratios P/Ni = 2.0 and 3.0, respec
tively [8]. During TPR of the oxidic precursors, evolution
PH3 was observed for oxidic precursors with molar rat
P/Ni � 1.0. Korányi[14] observed a significant dependen
of the thiophene HDS activity on precursor composition
NixPy /SiO2 catalysts with molar ratios in the range P/Ni =
1.0–2.3; the highest HDS activities were observed for c
lysts with P/Ni � 1.6 [14]. It is difficult to directly compare
the results of the Korányi study directly with ours becaus
substantial differences in the catalyst synthesis.

A similar dependence of the HDS activity upon p
cursor composition is observed for the NixPy /Al2O3 cata-
lysts, although the maximum of HDS activity is shifted
a more P-rich composition of P/Ni = 2.0. The most ac
tive NixPy /Al2O3 catalyst, designated Ni2P/Al2O3, is 6.1
times more active than the catalyst with the lowest ac
ity (P/Ni = 0.5) and is 2.7 times more active than a P-f
sulfided Ni/Al2O3 catalyst. Consistent with the NixPy /SiO2
catalysts, the optimal P/Ni molar ratio of the oxidic pre-
cursor is identified with the composition that contains j
enough P to ensure formation of phase-pure Ni2P on the sup-
port. This composition is more P-rich on alumina than
silica because more P becomes associated with the su
for γ -Al2O3 instead of being available for incorporation
the Ni phosphide phase. For P/Ni < 2.0, Ni12P5 is present
in the NixPy /Al2O3 catalysts and the HDS activity is lowe
than for the optimal composition.

Further insight into the properties of NixPy /SiO2 and
NixPy /Al2O3 catalysts is gained when the thiophene H
TOFs of these catalysts are plotted as a function of t
composition (seeFig. 11). The NixPy /SiO2 catalysts ex-
hibit a trend of steeply increasing TOFs with increase
content, whereas the NixPy /Al2O3 catalysts show a drama
ically smaller increase in TOFs. Clearly, excess P yie
catalysts with higher TOFs, even though the total num
of sites decreases with increased P content (particularl
the silica-supported catalysts). Oyama and co-workers[8]
observed that the P content of Ni2P/SiO2 catalysts decrease

substantially during hydrotreating. Although excess P low-
ers HDS activity (on a per-gram basis) by blocking active
sites, some of the excess P apparently serves the function o
alysis 231 (2005) 300–313

rt

keeping the supported Ni2P fully phosphided, thus facilitat
ing high TOFs. If this is so, then one might expect a stron
effect for the silica-supported catalysts because the exc
is more strongly associated with alumina (forming AlPO4)
and is therefore less available to keep the Ni2P fully phos-
phided. For the NixPy /SiO2 catalysts in particular, there is
delicate balance between too much excess P, which bl
sites, and insufficient P to keep the Ni2P fully phosphided.

As indicated by the TEM images (seeFigs. 3 and 4
andSupplementary Information), Ni12P5 and Ni2P particles
adopt globular morphologies on both the SiO2 andγ -Al2O3
supports, indicating no discernible dependence of the m
phological properties of the supported particles on the
phosphide phase or the support type. The high-resolution
age of a Ni2P particle inFig. 4clearly shows a∼ 2-nm-thick
passivation layer at the outer edge of the particle. The X
spectra (seeFigs. 6 and 7) indicate that the passivation lay
on the silica- and alumina-supported Ni12P5 and Ni2P par-
ticles contains Ni2+ and PO4

3− species, presumably in th
form of NiO and Ni3(PO4)2. The relative intensities of th
Ni(2p3/2) peaks at 852.8–853.5 and 856.6–857.2 eV sug
that the passivation layer is thicker on the Ni12P5 particles
than on the Ni2P particles. The passivation layer is app
ent in some high-resolution TEM images of the silica- a
alumina-supported Ni12P5 catalysts, although it is less we
defined than that shown for the silica-supported Ni2P parti-
cle inFig. 4.

The XPS spectra for the silica- and alumina-suppo
Ni12P5 and Ni2P catalysts are generally similar, but t
Ni(2p3/2) binding energies for reduced Ni species indic
less electron transfer from Ni to P for the Ni12P5/SiO2
and Ni12P5/Al2O3 catalysts relative to the Ni2P/SiO2 and
Ni2P/Al2O3 catalysts. The surfaces of the Ni12P5/SiO2 and
Ni12P5/Al2O3 catalysts are substantially more Ni-rich th
those of the Ni2P/SiO2 and Ni2P/Al2O3 catalysts. The trend
of the binding energies measured for the Ni phosphide
alysts is consistent with the XPS results of Korányi[14]
that showed a shift of the Ni(2p3/2) binding energy from
853.1 eV for unsupported Ni2P to 853.5 eV for unsupporte
Ni5P4. Taken together, the XPS results of the two studies
dicate that as Ni phosphides become more P-rich (Ni12P5 →
Ni2P→ Ni5P4), the Ni becomes increasingly electron po
one should keep in mind, however, that the extent of the e
tron transfer from Ni to P is quite small in magnitude f
these Ni phosphides. Using density function theory (DF
Rodriguez et al.[12] recently calculated the magnitude
the positive charge on Ni in bulk Ni2P to be 0.06. Base
upon Knight shift measurements determined by31P NMR
spectroscopy and consideration of the solid-state chem
of Ni phosphides, Prins and co-workers[7] concluded tha
Ni3P, Ni12P5, and Ni2P exhibit metallic character. X-ray ab
sorption spectroscopy (XAS) measurements and simula
by Oyama et al.[8,15] also indicate that Ni12P5 and Ni2P
f

have metallic properties. Consistent with our XPS measure-
ments, however, the31P NMR and XAS results do indicate
differences between the properties of Ni12P5 and Ni2P. For
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example, the XAS results show that the shortest Ni–Ni
tances in Ni12P5 are shorter than those in Ni2P [15]. This is
in agreement with solid-state chemical results discusse
Prins and co-workers[7]; the shortest metal–metal distanc
in Ni3P, Ni12P5, and Ni2P are 0.244, 0.253, and 0.261 n
respectively, whereas the shortest metal–metal distance
metal is 0.249 nm. It would not be surprising if these a
other structural and electronic differences are manifeste
the catalytic properties of Ni phosphides with different st
chiometry.

Infrared spectra of adsorbed CO (seeFigs. 8 and 9) show
that P strongly affects the adsorption properties of Ni12P5
and Ni2P on both supports relative to P-free Ni catalysts.
adsorption on bridge sites is suppressed on the Ni12P5 and
Ni2P catalysts, as is formation of Ni(CO)4 species, and th
position of the terminally bondedνCO absorbance is shifte
to higher wavenumbers, all relative to the P-free cataly
This shift is likely due to the transfer of electron dens
from Ni to P in the phosphides, as observed by XPS. The
spectra of the Ni12P5/SiO2, Ni12P5/Al2O3, and Ni2P/Al2O3
catalysts also exhibit aνCO absorbance at 2196–2203 cm−1

that is assigned to a phosphaketene-type species (P=C=O)
formed by adsorption of CO on surface P atoms[16]. This
species was first observed on a Ni2P/SiO2 catalyst, and the
intensity of this absorbance was found to depend on
pretreatment conditions employed[16]. The results of the
current and earlier studies indicate that surface P atom
available for bonding with CO on the supported Ni12P5 and
Ni2P catalysts. It was recently suggested that direct inte
tion between thiophene and surface P atoms may play a
in the high reactivity of adsorbed thiophene on Ni2P/SiO2
catalysts[17].

The most profound difference between the Ni12P5 and
Ni2P catalysts, observed on both silica and alumina s
ports, was the S contents of the catalysts after pretreatme
an H2S/H2 mixture at 650 K. Silica- and alumina-support
Ni2P incorporated relatively little S into its structure; partic
compositions of Ni2.0P1.0S0.017and Ni2.0P1.0S0.050were cal-
culated for the Ni2P/SiO2 and Ni2P/Al2O3 catalysts, respec
tively. The molar amounts of S incorporated into the N2P
catalysts during H2S/H2 treatment are small (seeSupple-
mentary Information), less than the O2 chemisorption capac
ities of the catalysts. In other words, the sulfur incorpora
into Ni2P/SiO2 and Ni2P/Al2O3 catalysts by an H2S/H2 pre-
treatment at 650 K, if restricted to surface adsorption o
is insufficient in quantity to block all of the adsorption sit
titrated by O2 chemisorption. Oyama et al.[15] determined
the elemental composition of a 24.4 wt% Ni2P/SiO2 cat-
alyst tested for 300 h on stream in a mixed feed to
Ni1.0P1.2S0.060, also indicating that relatively small amoun
of S are incorporated into supported Ni2P catalysts unde
sulfiding conditions. Interestingly, we reported earlier tha
20 wt% Ni2P/SiO2 catalyst pretreated in H2S/H2 at 650 K

was∼ 10% more active for thiophene HDS than was a sam-
ple of this same catalyst reduced at 650 K in H2 [13]. The O2
chemisorption capacities for areduced 20 wt% Ni2P/SiO2
talysis 231 (2005) 300–313 311
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catalyst (124 µmol/g) [13] and asulfided 20 wt% Ni2P/SiO2
catalyst (126 µmol/g) [17] were determined to be ident
cal within the error of the measurements. It is importan
note that for the O2 chemisorption measurement, the sulfid
Ni2P/SiO2 catalyst was reduced in flowing H2 following sul-
fidation. It may be, therefore, that a significant amoun
the S incorporated into Ni2P/SiO2 catalysts upon H2S/H2
pretreatment is labile to hydrogenation and removal as H2S,
regenerating Ni sites. Alternatively, it may be that the
corporated S does not block Ni sites at the surface of
catalyst. Oyama and co-workers[8,11,15]and our laboratory
[13,16,17]have concluded that the active catalytic phas
a mixed phosphosulfide (NiPxSy) phase, and the results pr
sented here indicate that the S content of this phase is s

The Ni12P5/SiO2 and Ni12P5/Al2O3 catalysts incorpo
rated 12 and 4.3 times more S into their structures t
did the Ni2P/SiO2 and Ni2P/Al2O3 catalysts, respectivel
(seeSupplementary Information). Particle compositions o
Ni2.4P1.0S0.24 and Ni2.4P1.0S0.25 can be calculated for th
Ni12P5/SiO2 and Ni12P5/Al2O3 catalysts, respectively. Th
molar amounts of S incorporated during H2S/H2 treatment
are roughly twice the O2 chemisorption capacities of th
Ni12P5 catalysts, indicating that sulfidation of the suppor
Ni12P5 particles is more extensive than for the suppor
Ni2P catalysts. It seems likely, therefore, that sulfidation
Ni12P5/SiO2 and Ni12P5/Al2O3 catalysts under HDS reac
tion conditions is a critical factor for the low activity of the
catalysts.

Given thatγ -Al2O3 is the typical support for comme
cial hydrotreating catalysts[35], it is important to develop
an understanding of the significantly lower thiophene H
activities of the NixPy /Al2O3 catalysts compared with th
NixPy /SiO2 catalysts. For both series of catalysts, the hi
est HDS activities are observed for the catalysts cont
ing the minimal P content in the oxidic precursors to g
phase-pure Ni2P on the supports (seeTables 1 and 2, and
Fig. 10). The Ni2P/SiO2 catalyst (P/Ni = 0.8) is 2.7 times
more active than the Ni2P/Al2O3 catalyst (P/Ni = 2.0).
There is no evidence in the physicochemical characte
tion results for the supported Ni2P presented here that su
gests different sites on the two catalysts. The Ni2P particles
adopt globular morphologies on both supports, indica
that there are no major differences in the crystal pla
exposed. The Ni(2p3/2) binding energies measured for t
reduced Ni species (853.4–853.5 eV) in the Ni2P particles
are similar on silica and alumina supports, whereas IR s
troscopy of adsorbed CO does suggest subtle differenc
the electronic properties of surface Ni sites on the Ni2P/SiO2
and Ni2P/Al2O3 catalysts. The terminally bondedνCO ab-
sorbance is located at 2083 cm−1 for the Ni2P/SiO2 catalyst
and at 2093 cm−1 for the Ni2P/Al2O3 catalyst, both pre
treated in flowing H2 at 650 K. This difference may be du
to the influence of the support on the electronic proper

of Ni sites of the Ni2P particles. Recent IR spectral studies
have shown a smooth variation of theνCO absorbance for
adsorbed CO on metal sulfides supported on oxides with dif-



of Cat

he
es.
of

his

ith
to
e

cat-
sili-

he P
-

d ca
ors.

r

,
h it

sis-
-

ver

ly
s-
the

the
the

ata-

with
n-

ifi-

the
of
f-
di-
s,
ities

s

eses,
ity

nce
the

for
he
En-

na-
ent
e-
tory.
lips
and

up-

02)

.M.

.

002)

Ca-

Ca-

ell,
312 S.J. Sawhill et al. / Journal

ferent acidities[36,37]. As the support acidity increased, t
position of theνCO absorbance shifted to higher frequenci
It is unclear, however, how this electronic perturbation
the Ni2P particles supported onγ -Al2O3 (relative to SiO2)
would affect thiophene HDS activity, but we expect that t
influence would be small.

To understand the lower HDS activities of the NixPy /
Al2O3 catalysts compared with NixPy /SiO2 catalysts, it is
important to consider the different interactions of P w
SiO2 andγ -Al2O3. Significantly more P must be added
the oxidic precursors of NixPy /Al2O3 catalysts than to thos
of NixPy /SiO2 catalysts to prepare phase-pure Ni2P on the
supports (seeTables 1 and 2). It is expected that AlPO4
forms in the oxidic precursors of the alumina-supported
alysts upon calcination, whereas it does not appear that
con phosphates form in the silica-supported catalysts. T
contents of the NixPy /Al2O3 catalysts are quite high, rang
ing from 4.1 wt% (P/Ni = 0.5) to 12.4 wt% (P/Ni = 2.5),
where the weight percentages correspond to the reduce
alysts and the molar ratios refer to the oxidic precurs
Studies published by others indicate that AlPO4 is formed
at the surface ofγ -Al2O3 for P loadings greater than o
equal to 4 wt%[34,38–42]. AlPO4 is readily formed on
γ -Al2O3 by reaction with phosphoric acid (H3PO4), but
it is also formed via reaction with NH4H2PO4 when used
in high loadings. The AlPO4 formed is often amorphous
so it is not surprising that no reflections associated wit
are observed in the XRD patterns of the NixPy /Al2O3 cata-
lysts (seeFig. 5). Evidence for the formation of AlPO4 in
the NixPy /Al2O3 catalysts comes from XPS (seeFig. 7);
the P(2p) region for a Ni2P/Al2O3 (P/Ni = 2.0) catalyst
shows a large peak at a binding energy (134.7 eV) con
tent with AlPO4 formation. The restructuring of the alu
mina surface due to AlPO4 formation is likely responsible
for the low BET surfaces of the NixPy /Al2O3 catalysts and
the poorer dispersion of the Ni phosphide phases. Howe
the lower HDS activities of the NixPy /Al2O3 catalysts com-
pared with the NixPy /SiO2 catalysts cannot be traced sole
to poorer dispersion of Ni2P on the alumina support. As di
cussed earlier, the HDS TOFs are substantially lower for
NixPy /Al2O3 catalysts than for the NixPy /SiO2 catalysts,
and we concluded that this may be due to excess P on
silica-supported catalysts being more available to keep
Ni2P fully phosphided than on the alumina-supported c
lysts.

5. Conclusions

The HDS properties of NixPy /SiO2 and NixPy /Al2O3 cat-
alysts prepared from oxidic precursors with a range of P/Ni
molar ratios have been investigated. Oxidic precursors
molar ratios of P/Ni = 0.8 and 2.0 yielded catalysts co

taining phase-pure Ni2P on the silica and alumina supports,
respectively, and these catalysts have the highest HDS ac
tivities of the NixPy /SiO2 and NixPy /Al2O3 catalysts. For
alysis 231 (2005) 300–313

t-

,

P/Ni molar ratios lower than the optimal values, sign
cant Ni12P5 impurities were present in the NixPy /SiO2 and
NixPy /Al2O3 catalysts, and these deleteriously affected
HDS properties of the catalysts. The low HDS activity
supported Ni12P5 is attributed to the incorporation of signi
icant amounts of S into its structure under sulfiding con
tions. For P/Ni molar ratios higher than the optimal value
excess P on the catalyst surfaces lowers the HDS activ
of the NixPy /SiO2 and NixPy /Al2O3 catalysts. Amorphou
AlPO4 is formed on all of the NixPy /Al2O3 catalysts be-
cause of the high P loadings used in the catalyst synth
and we believe this is responsible for the lower HDS activ
of these catalysts relative to the NixPy /SiO2 catalysts.
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