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Am‘c{e history: The HDS properties of a series of CoxNiz_xPy/SiO; catalysts have been investigated as a function of the
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Available online 31 October 2008 phosphide phase having the highest HDS activity, 34% higher than that of an optimized nickel phosphide

catalyst prepared from an oxidic precursor having a composition of NiyooP10. X-ray photoelectron
spectroscopy revealed Ni-rich CoxNip_xP,/SiO, catalysts to have surface enrichment of P (relative to

ﬁ?:j‘/‘l-/g;(iiu]furization Niz.00P160/Si02 and Coz00P1,00/Si0O; catalysts) and to incorporate remarkably low amounts of S during
HDS HDS testing. The high activity of these CoxNi;_xPy/SiO2 catalysts is attributed to surface enrichment
Nickel phosphide of P relative to nickel phosphide, which results in improved resistance to S incorporation under HDS
Cobalt phosphide conditions. Consistent with these findings and the solid-state chemistry evidence that suggests that Ni
Bimetallic phosphide atoms in Ni-rich CoxNiy_xP)/SiO catalysts occupy disproportionately more pyramidal M(2) sites than

Cobalt-nickel phosphide tetrahedral M(1) sites, we conclude that the high site densities of these catalysts are due to Ni atoms

in surface M(2) sites, which results in P-enriched surfaces that are resistant to site blockage due to S
incorporation.
© 2008 Elsevier Inc. All rights reserved.

1. Introduction furization (HDS) or hydrodenitrogenation (HDN) processing. In ad-
dition to the influence of the metal(s) in the phosphide phase on

Responding to expectations that lower quality crude oil feed-  Catalytic activity, investigations of the properties of metal phos-
stocks containing high sulfur and nitrogen levels will be increas-  Phides have also revealed that HDS or HDN activities can vary

ingly processed for the production of ultralow sulfur transportation ~ Substantially with the phosphorus-to-metal (P/Me) molar ratio of
fuels in the future, a few laboratories are exploring the possibil-  the supported phosphides for NixP)/SiOz [17,24,27] and CoxPy/SiO;
ity of using highly active transition metal phosphides as the active ~ [11] catalysts.

phase for a new generation of hydrotreating catalysts. A number A number of bimetallic phosphides of interest for hydrotreat-
of monometallic phosphide phases (e.g., MoP [1-6], WP [3,7,8],  ing catalysis form solid solutions (e.g., MoxNiz_xP [33], CoxNiz_xP
CoP [9-11], CoyP [11-15] and NiyP [9,10,12,14,16-29]) have been [34]) in which the metal ratio can be changed while maintaining
a focus of recent research efforts within the hydrotreating cataly-  the crystal structure of the material. As a consequence, the ef-

sis community, as have a smaller number of bimetallic phosphides ~ fect of the metal composition on the catalytic properties of such
(e.g., NiMoP [3,15,19], NixMoP [28,30], NixMo,P [31], CoMoP [3,15], bimetallic phgsphlde pha.ses can be. carefully probed, and 0p.t1—
CoxMoP [32], CoxNi,P [28,32]). While one might expect to ob- mal compositions determined. In this study, the HDS properties

serve a synergistic effect between two metals in bimetallic phos- ~ ©Of a series of CoxNiy_»Py/[SiO; catalysts have been investigated as
phides similar to that observed for sulfided Ni-Mo catalysts; the @ function of the Co/Ni molar ratio (for a fixed P/Me molar ratio)
catalytic activities exhibited by some bimetallic phosphides sug- ~ and of the P/Me molar ratio (for a fixed Co/Ni molar ratio). An oxi-

gest more complex behavior. Bimetallic phosphide phases have d.ic precursor .compos.ition of C90.08N11.92P2.00 on the sil.ica support
been reported to have lower (e.g., NiMoP [19]), intermediate (e.g, ~ Yielded the bimetallic phosphide phase having the highest HDS
NixMo,P [31]) or higher (e.g, CoyNiyP [28,32]) catalytic activities activity, 34% higher than that of an optimized nickel phosphide

than monometallic phosphides of the same metals for hydrodesul- catalyst prepared from an oxidic precursor having a composition
of NipgoP160. The high activity of this CoxNip_xPy/SiO; catalyst is

attributed to surface enrichment of P relative to nickel phosphide,
* Corresponding author. Fax: +1 360 650 2826. which results in improved resistance to S incorporation under HDS
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2. Experimental methods
2.1. Catalyst synthesis

Oxidic precursors of CoxNip_xPy/SiO, catalysts (with metal
loadings equivalent to 25 wt% Me,;P, Me = Co + Ni) were pre-
pared as follows. Prior to use, the silica (SiO;, Cab-O-Sil, M-7D
grade, 200 m?/g) was calcined in air at 773 K for 3 h. The silica
support was then impregnated with an aqueous solution contain-
ing selected amounts of Co(NO3);-6H,0 (Alfa Aesar, 99.9985%)
and Ni(NOs3);-6H,0 (Alfa Aesar, 99.9985%) followed by drying at
383 K. The dried material was subsequently impregnated with
NH4H,PO,4 (Baker, 99.1%), followed by drying at 383 K, and cal-
cination at 773 K for 3 h. As an example, the oxidic precursor
of a Coy00NitoP1.00/Si0, catalyst was prepared by impregnat-
ing 2.50 g of freshly calcined SiO, with an aqueous solution of
1.632 g of Co(NO3),-6H,0 and 1.631 g of Ni(NO3),-6H,0, and
then with an aqueous solution of 0.741 g of NH4H,;PO4. Follow-
ing drying and calcination, a portion of the oxidic precursor was
subjected to a temperature-programmed reduction (TPR) proce-
dure in which the precursor was first degassed in a 60 mL/min
flow of He (Airgas, 99.999%), then reduced in a 300 mL/min of
H, (Airgas, 99.999%) while the temperature was increased from
room temperature to 923 K at a rate of 1 K/min. Following the
reduction process, the samples were cooled to room temperature
in a continued flow of Hy (300 mL/min) and then flushed with
He (60 mL/min) for 15 min. The samples were then passivated
in a 1.0 mol% Oy/He (Airgas 99%) mixture (30 mL/min) for 3 h
at room temperature. The details of the TPR procedure have been
described elsewhere [20]. In addition to varying the metal com-
position of the oxidic precursors of CoxNiy_xP100/Si0O2 catalysts
over the range 0 < x < 2.00, the P/Me molar ratio was also varied
for oxidic precursors having compositions of CogggNiq.92Py/SiO2,
where 1.00 < y < 2.20. For the monometallic phosphide cata-
lysts, the oxidic precursor compositions were Co2,00P1.00/SiO2 and
Ni2,00P160/Si05.

2.2. Catalyst characterization

2.2.1. Bulk characterization measurements

X-ray diffraction (XRD) patterns of the CoxNip_xP1,/SiO; cata-
lysts were obtained using a PANalytical X'Pert Pro diffractometer
equipped with a monochromatic CuK, source (A = 1.54050 A).
Transmission electron microscopy (TEM) measurements were ob-
tained with a JEOL 2010 high resolution transmission electron mi-
croscope operating at 200 keV. The samples were placed on a
200 mesh copper grid coated with formvar and carbon. Analysis
of the Co, Ni and P contents of CoxNip_xP,/SiO; catalysts was car-
ried out by Huffman Laboratories, Inc.

2.2.2. Surface characterization measurements

X-ray photoelectron spectroscopy (XPS) measurements were
carried out using a Physical Electronics Quantum 2000 Scanning
ESCA Microprobe system with a focused monochromatic AlK
X-ray (1486.7 eV) source and a spherical section analyzer. The
spectra were collected with a pass energy of 23.5 eV. The spec-
tra were referenced to an energy scale with binding energies for
Cu(2ps3/2) at 932.67 & 0.05 eV and Au(4f) 84.0 £ 0.05 eV. Binding
energies were corrected for sample charging using the C(1s) peak
at 284.6 eV for adventitious carbon as a reference. Low energy
electrons and argon ions were used for specimen neutralization.
The XPS spectra were acquired for CoxNip_xPy/SiOy catalysts fol-
lowing passivation and transfer through air to the spectrometer.
XPS spectra were also acquired for a few CoxNiy_»Py/SiO; catalysts
after HDS testing for 48-60 h. In these cases, the tested catalysts
were cooled from the reaction temperature to room temperature in

flowing He (60 mL/min) and then passivated in a flowing 1.0 mol%
0,/He mixture (30 mL/min) for 2 h at room temperature. The cat-
alysts were then transferred through air to the XPS spectrometer.

BET surface area measurements were acquired using a Mi-
cromeritics PulseChemisorb 2700 instrument. 0.1000 g of catalyst
was placed in a quartz U-tube and degassed at room temperature
in a 60 mL/min flow He for 30 min. The sample was treated in a
flow of He (45 mL/min) for 2 h at 623 K and then cooled to room
temperature in a continued He flow. The BET measurements were
carried out as described elsewhere [20].

Oxygen (07) pulsed chemisorption measurements were also ob-
tained using the Micromeritics PulseChemisorb 2700 instrument.
0.1000 g of catalyst was degassed in 60 mL/min He at room tem-
perature for 30 min. Prior to the measurements, the samples were
either reduced or sulfided in-situ. For reduction, samples were
heated from room temperature to 650 K in a 60 mL/min flow of
H, and held at this temperature for 2 h. For sulfidation, samples
were heated from room temperature to 650 K in a 60 mL/min flow
of a 3.0 mol% H,S/H; mixture, held at this temperature for 2 h, and
then reduced in a 60 mL/min flow of Hy at 623 K for 1 h. All of
the samples were then degassed in 45 mL/min He at 673 K for 1 h.
The O, chemisorption capacity measurements were carried out at
196 K using a procedure described elsewhere [20]. A 10.3 mol%
02/He mixture (Airco) was used to obtain the O, chemisorption
capacity measurements.

2.2.3. Thiophene HDS activity measurements

Thiophene HDS activity measurements were carried out us-
ing an atmospheric pressure flow reactor according to a method
described previously [20,22]. All catalysts were degassed in He
(60 mL/min) at room temperature for 30 min. The sample was
then heated to the reaction temperature of 643 K and the flow was
switched to a 3.2 mol% thiophene/H, reactor feed (50 mL/min).
The gas effluent was sampled at 1 h intervals and the final mea-
surement was taken after 48 h on-stream. The total product peak
areas from the chromatogram were used to calculate the thiophene
HDS activities (nmolyy, /gca S) for the catalysts.

3. Results
3.1. Characterization of as-prepared catalysts

The nominal and actual compositions of the as-prepared
CoxNip_xPy/[SiO; catalysts (for which bulk elemental analyses were
carried out) are listed in Table 1. In cases where P/Me > 0.5 for the
oxidic precursors, it is not surprising that the actual compositions
of the metal phosphide phases contain less P than the nominal
compositions, as some excess P has been shown to be lost from
oxidic precursors of CoxPy/SiO and NixPy/SiO; catalysts during
TPR [11,24]. All of the catalysts are somewhat P-rich (0.53 < P/Me
< 0.61) compared to the expected stoichiometry of P/Me = 0.50.
X-ray diffraction patterns for CoxNiy_xP100/SiO2 catalysts with a
range of metal compositions are shown in Fig. 1. Catalysts with
nominal compositions of Coy,09P1.00/Si02 and Co1.75Nig25P1,00/Si0>
exhibit XRD patterns similar to that of a JCPDS reference pattern
for CopP (card no. 32-0306 [35]). For CoxNiy_xP100/SiO, cata-
lysts with x < 1.50 (i.e. starting with Coq50Nig50P/SiO; in Fig. 1),
the XRD patterns for the bimetallic phosphide phases are consis-
tent with a JCPDS reference pattern for Ni;P (card no. 089-2742
[35]). While not shown, XRD patterns for CogogNiq92Py/SiO> cat-
alysts, for which an excess of P was used in the oxidic precursors
(1.2 < y £ 2.2), are similar to the reference pattern for NiyP shown
in Fig. 1. Based on calculations using the Scherrer equation, the
CoxNip_xPy/[SiO; catalysts in this study had crystallite sizes in the
range 33-48 nm with an average of 42 nm.
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Table 1

Bulk and surface compositions of selected CoxNip_,P/SiO, catalysts.
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Nominal composition

Actual composition

Surface composition

Surface composition (post HDS)

Coz.00P1.00 Co1s8P1.00

Co150Nio50P1.00 Co1.33Nio.46P1.00
Co1.00Ni100P1.00 Co0.90Nip.91P1.00
Co0.50Ni150P1.00 C00.45Ni133P1.00
Co0.25Ni1.75P1.00 C00.23Ni160P1.00
Co013Ni187P1.00 Coo11Ni172P1.00
C00.08Ni192P1.00 Coo.07Ni1.77P1.00
Coo,08Ni192P1.60 C00.06Ni150P1.00
C00.04Ni196P1.00 Coo.04Ni1.80P1.00
Niz.00P1.60 Ni164P1.00

Co3.46P1.00
Co1.02Nio.29P1.00
Coo.47Ni118P1.00
C00.24Ni1.03P1.00
Coo.28Ni151P1.00
Coo220Ni1.63P1.00
Co0.24Nig:1.46P1.00
C00.09Ni1.01P1.00
Coo17Ni178P1.00
Niz23P100

C05.42P1.00S0.67

Co1.13Ni1.77P100S0.30

C00.15Ni1.49P1.00S0.09
Co0.13Ni159P1.00S0.06

Niz.87P1.00S0.32

Bragg Angle (26)

Fig. 1. XRD patterns for CoxNiy_xP100/SiO catalysts having different metal ratios.

Low- and high-resolution TEM images of a Cog13Niy.87P1.00/Si02
catalyst are shown in Fig. 2. The low-resolution image reveals
globularly shaped particles on the silica support having a range
of sizes. The high-resolution TEM image shows a Cog13Ni187P1.00
particle on the silica support having a diameter of approximately
14 nm; the measured spacing between lattice fringes of 5.1 A is
consistent with the d-spacing of the (100) crystallographic plane
of NiyP (card no. 089-2742 [35]). TEM images were acquired for
some of the other CoxNip_xPy/SiO catalysts as well and these re-
vealed similar dispersions and particle sizes.

Shown in Fig. 3 are XPS spectra in the Ni(2p3), Co(2psj2)
and P(2p3)2) regions for Co1.75Nip.25P100/Si02, Co100Ni1.00P1.00/Si02
and Cop25Niq75P1,00/Si0, catalysts. The XPS spectra for these cat-
alysts exhibit no unexpected features relative to those reported
previously from our laboratory for Co,P/SiO, [11] and NiyP/SiO;
[20,24] catalysts. Since the CoxNiy_xPy/SiO; catalysts were passi-
vated in a 1 mol% Oy/He mixture following TPR synthesis, the
XPS spectra in Ni(2p32), Co(2ps3;z) and P(2psjp) regions show
peaks for oxidized species as well as for underlying reduced
species associated with the phosphide phases. The binding en-
ergies for the oxidized Ni (855.2-856.4 eV), Co (781.2-781.6 eV)
and P (132.8-133.6 eV) are consistent with assignments by oth-
ers to Ni?T, Co?* and P>t species, respectively [14]. The binding
energies for peaks associated with reduced Ni (852.0-853.0 eV)
and Co (777.4-778.2 eV) species are consistent with those re-

Fig. 2. (a) Low and (b) high resolution images of a Cog13Ni1.87P1,00/Si02 catalyst.

ported for zero-valent Ni (852.5-852.9 eV [36]) and Co (778.1-
778.2 eV [36]). In contrast, the binding energies for reduced P
species (128.6-129.6 eV) are below that of elemental phospho-
rus (130.2 eV [36]), which suggests somewhat increased electron
density for P in the CoxNip_xP), phase. Our laboratory and oth-
ers have observed similar shifts of the P(2p3p) binding energy
for bulk and supported Co,P [11,14,37,38] and Ni,P [14,20,24,37]
catalysts, and concluded that a slight transfer of electron den-
sity from the metal to P occurs in these phosphides. In these
cases, however, the metal (Co, Ni) 2p3/2 binding energy was mea-
sured to be somewhat higher than those of the zero-valent met-
als, which is not what was observed for the Coq75Nig25P100/SiO2,
Co1.00Ni1.00P1.00/Si02 and Cog25Nij75P100/Si0; catalysts. Abu and
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Table 2
Catalytic data for selected CoxNiy_xP/SiO; catalysts.

Nominal BET surface Chemisorption capacity (umolo, /g) HDS activity?
compgsition area (m?/g) Hy pretreatment Hy/H,S$ pretreatment (nmolry/(gs))
Co2.00P1.00 96 70 4 183
Co150Nio50P1.00 99 69 7 61
Co1.00Ni100P1.00 99 73 23 281
Coo.50Ni150P1.00 94 55 99 449
Cop.25Ni175P1.00 100 87 97 1082
Co013Ni187P1.00 101 1 119 1701
Coo.08Ni192P1.00 99 127 163 2020
COO‘ogNingP]‘GO 99 118 160 3045
Cog,04Ni1.96P1.00 97 156 149 2545
Niz.00P1.60 81 153 135 2283

4 Thiophene HDS activity after 48 h on-stream.

— T T T T [T T T T T
853.0
856.4 129.6
© 778.2
133.6
X2
852.0
855.2 777.4 128.6
b) 781.2
132.8
x2|
781.6
777.8
a) 856'0852.0 133.3129.0
X2
Ni 2p,, Co2p,, P2p,,
PR SRR NP RPN (U S R AU S R
865 855 845 790 780 770 145 135 125

Binding Energy (eV)

Fig. 3. XPS spectra of (a) Co175Nig25P100/SiO2, (b) Co100Ni100P100/SiO2 and
(c) Cop25Ni175P1,00/Si0; catalysts.

Smith [32] reported XPS spectra for unsupported CoxNi,P materi-
als for which 0.08 < x < 0.34. These authors measured a relatively
low Ni(2p3/2) binding energy of 852.7 eV for Cog34NizP, which is
consistent with the binding energy of 852.0 eV measured in this
study for Co175Nig25P1,00/Si02 and Co1,9Niy,00P1.00/Si0O2 catalysts.
These authors attributed the low Ni(2ps/;) binding energy to the
presence of NijzP5 in Cog34NiyP (as determined by XRD). Our lab-
oratory had previously reported a lower Ni(2p3/;) binding energy
for a NijpP5/SiO, catalyst (853.0 eV) compared to a NiyP/SiO; cat-
alyst (853.5 eV).

Surface compositions determined from the XPS spectra in Fig. 3
as well as those for other CoyNip_xP,/SiO; catalysts are listed
in Table 1. The monometallic phosphide catalysts Coy.9oP1.00/SiO>
and NiygoP160/Si02, which correspond to phase-pure Co,P and
NiyP on the silica support, respectively, both have metal-rich sur-
face compositions relative to the measured bulk compositions. The
Niz00P1.60/Si0; catalyst, for example, had a surface molar ratio of
P5/Ni® = 0.45 and a bulk molar ratio of P/Ni = 0.61. The bimetal-
lic phosphide catalysts, on the other hand, have P-rich surfaces
compared to the bulk compositions. As an example, surface and

bulk molar ratios of PS/Me® = 0.91 and P/Me = 0.64, respectively,
were observed for the CogogNijg92P160/SiO2 catalyst, where Me =
Co + Ni. Abu and Smith [32] reported surface, but not bulk compo-
sitions for unsupported CoxNi;P and Ni,P materials. Unsupported
CoxNiyP catalysts with 0.08 < x < 0.34 had surface molar ratios of
PS/Me® = 1.2-4.8, while unsupported NiyP had P$/Ni® = 0.5.

The BET surface areas and oxygen (O») chemisorption capac-
ities of the CoxNi;_xP,/SiO; catalysts are listed in Table 2. The
surface areas of the catalysts were similar, while the O, chemisorp-
tion capacities measured following H, or H,S/H, pretreatments
varied dramatically depending on the metal composition of the
phosphide catalysts. For the H, pretreatment, the chemisorption
capacities followed an increasing trend as the amount of Ni in
the CoxNip_xPy/SiO; catalysts increases. For the HyS/H, pretreat-
ment, a similar trend was observed except that a maximum in the
0, chemisorption capacity was achieved at x = 0.08, with about
a 20% decrease observed as x approached 0 (i.e. NioP1.60/SiO2).
For catalysts with high Co contents, the O, chemisorption capaci-
ties following H,S/H, pretreatment were significantly smaller than
following a H, pretreatment, while for catalysts with high Ni con-
tents the chemisorption capacities following the two pretreatments
were similar or slightly higher for the H,S/H, pretreatment. In a
recent study, we reported that for CoxPy/SiO catalysts having 0.50
< P/Co < 2.00, all catalysts in this series adsorbed dramatically
more O, following H, pretreatment than after HyS/H, pretreat-
ment [11].

3.2. Thiophene HDS activities

The HDS activities of the CoxNiy_xPy/SiO; catalysts as a func-
tion of time on-stream exhibit similar trends to those reported
previously for Nip;P/SiO; [20] and Co,P/SiO; [11] catalysts. The
activities were remarkably stable from time zero to over 75 h,
when a measurement was typically stopped. There was no ev-
idence for deactivation of CoxNip_xPy/SiO; catalysts during the
early stages of the testing period, or at least on the timescale of
the effluent sampling (15 min intervals) from which catalyst activ-
ities were calculated. The HDS activities of the CoxNi_xPy/SiO
catalysts (after 48 h on-stream) are plotted as a function of
the Ni metal fraction (Ni/(Ni + Co)) in Fig. 4 and are listed
for some of the catalysts in Table 2. Starting from the Co-
rich end of the plot, the HDS activities are quite low from
C02.00P1.00/Si02 up through Cogs50Niq50P100/Si02, but the activi-
ties climb steadily as the catalysts become increasingly Ni-rich. As
indicated by the activity data plotted in Fig. 4, catalysts of com-
position CoxNiy_xP100/SiO2, where 0.04 < x < 0.08, had activities
similar to that of a Niy goP1.60/SiO2 catalyst. This nickel phosphide
catalyst had been previously optimized by adjusting the P/Ni mo-
lar ratio of its oxidic precursor to be 0.80 [24]. To explore the
effect of the metal-to-phosphorus molar ratio on HDS activity,
CoxNip_xPy/[SiO; catalysts with a fixed metal composition corre-
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Fig. 4. Thiophene HDS activity versus nominal Ni metal fraction for CoxNiy_xP)/SiO;
catalysts.

sponding to x = 0.08 (i.e. CoggNi1.92Py/SiOz) were prepared with
different P contents in the oxidic precursors (1.00 < y < 2.20).
The HDS activities of these catalysts are also plotted in Fig. 4
(open square symbols for catalysts with P/Me > 0.50). The cat-
alyst with the optimal composition, CogggNi1.92P2.00/SiO2 (P/Me
= 1.00) had an HDS activity that was 34% higher than that
of a NigoP160/SiO2 catalyst. The HDS activities after 48 h on-
stream for the most active CoxNip_xPy/SiO; catalyst investigated,
Cop,08Ni1.92P2,00/Si02, along with those for the monometallic phos-
phide catalysts, Co2.00P1.00/SiO2 and Niy goP1.60/SiO2, and for a sul-
fided Ni-Mo/SiO, catalyst reported previously [20] are compared
in Fig. 5. In addition to being substantially more active than the
monometallic phosphide catalysts, the CogggNi1.92P2.00/SiO, cata-
lyst is over 3.5 times more active than the sulfided Ni-Mo/SiO;
catalyst (7.9 wt% NiO, 30.4 wt% MoOs3) [20]. Consistent with our
measurements, Abu et al. [32] observed an unsupported CoggNiyP
catalyst (P/Me = 0.48) to have an activity 67% higher than that of
a NiyP catalyst (P/Ni = 0.50) for HDS of 4,6-DMDBT. It is worth
noting that these authors did not use an excess of P in the oxi-
dic precursors of their catalysts (indeed less than a stoichiometric
amount of P in the CoggNi,P catalyst).

3.3. Characterization of HDS-tested catalysts

XRD patterns and XPS spectra were acquired for a few Coy-
Nip_xPy/SiO; catalysts after 48 h of HDS testing and the surface
compositions for these catalysts are listed in Table 1. XRD pat-
terns of the tested catalysts showed no evidence for the decom-
position of the phosphide phases or for the formation of new
crystalline phases during HDS. Plotted in Fig. 6 are the surface
sulfur-to-metal molar ratios (S°/Me®) of these tested catalysts as
a function of the surface metal-to-phosphorus (P$/Me®) ratio of
the as-prepared catalysts. A trend is apparent in which the sur-
face S content of the tested catalysts decreased substantially as
the surface P content of the as-prepared catalysts increased. The
most active of these catalysts, CogogNi1.92P1.60/Si02, had the most
P-enriched surface and had a S/Me molar ratio that was just
31% of that of the Niy goP160/SiO2 catalyst. Abu and Smith mea-
sured a substantially higher S content for a Cog4NiyP/Al,03 cat-
alyst [28], but this is not surprising given that this catalyst had
a higher Co content and a lower P content (P/Me = 0.46) than
the CopogNi1g2Py/SiO; catalysts investigated in the current study.
In our work, a Co1,09Niy,00P1.00/SiO2 catalyst incorporated twice as
much S than did a CogogNij.92P1.00/Si0, catalyst (on an S/Me ba-
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Fig. 6. Surface S/Me molar ratio of HDS-tested CoxNiy_xPy/SiO; catalysts plotted
versus the surface P/Me molar ratio of the as-prepared catalysts.

sis), and an earlier study revealed a Nij;Ps5/SiO; catalyst (P/Ni =
0.41) incorporated significantly more sulfur than did a NiyP/SiO;
catalyst (P/Ni = 0.61) [24].

4. Discussion
4.1. Solid-state and surface chemistry of CoxNiy_xPy/SiO> catalysts

The monometallic phosphides Co,P and NiyP adopt orthorhom-
bic (Pnma space group [39]) and hexagonal (P62m space group
[39]) structures, respectively. Both structure types contain two
kinds of metal sites, one in which the metal atom is surrounded
by four P atoms in a tetrahedral geometry (M(1) sites), and a sec-
ond in which the metal atom is surrounded by five P atoms in
a square pyramidal geometry (M(2) sites) [40]. The orthorhombic
and hexagonal structures differ in the packing of rhombohedral
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Ni(1)

Fig. 7. NiyP structure showing the tetrahedral Ni(1) and pyramidal Ni(2) sites.

subunits containing M(1) and M(2) sites within the crystals [40].
The two kinds of sites are shown for NiyP in Fig. 7. Bimetallic
phosphides having the general formula CoyxNiy_xP exhibit hexago-
nal structures similar to that of Ni,P over the compositional range
for which 0 < x < 1.7, while the more Co-rich materials corre-
sponding to x > 1.7 adopt the orthorhombic structure associated
with CopP [40]. The XRD patterns for the CoxNip_xPy/SiO; cat-
alysts in this study (Fig. 1) are consistent with these findings,
with only the Co1.75Nig25P100/SiO2 catalyst exhibiting peaks con-
sistent with the CoyP structure. Neutron diffraction measurements
revealed that there is ordering of the metals in the M(1) and
M(2) sites in CoxNiy_xP materials [41,42], as have Mdssbauer spec-
troscopy measurements for the related FeyNi,_,P materials [43].
For the most Ni-rich CoxNiy_xP material investigated via neutron
diffraction, CopgNiioP, Artigas et al. [42] observed that 89% of
the M(2) sites were occupied by Ni atoms while just 31% of the
M(1) sites were occupied by Ni atoms, and the extent of ordering
among the two sites increased with increasing Ni content. Con-
sistent with the observations for CoyNi,_,P materials, the extent
of ordering among M(1) and M(2) sites in FeyNi,_xP materials
was found to depend on the metal composition of these materials,
which adopt the hexagonal structure over the full range of com-
positions (0 < x < 2). Ni atoms preferentially occupy M(1) sites
for Fe-rich materials (1.7 < x < 2.0) and M(2) sites for Ni-rich
materials (0 < x < 1.7) [43]. For the most Ni-rich FexNi;_xP ma-
terial investigated, FegyoNiygoP, the Fe atoms occupy exclusively
M(1) sites, resulting in a substantial excess of Ni atoms in M(2)
sites [43]. Mossbauer spectral data obtained in our laboratory for
FeyNiy_»P/SiO, catalysts are consistent with those for the bulk
FexNiy_xP system [44]. With these solid-state chemistry findings
in mind, we conclude that Ni atoms in the CoxNip_P,/SiO; cat-
alysts investigated in the current study occupy disproportionately
more pyramidal M(2) sites than tetrahedral M(1) sites.

Oyama et al. [45] recently reported that the distribution of Ni
in M(1) and M(2) sites of supported NiyP particles is sensitive to
the size of the phosphide particles. As the NiyP crystallite size
(as calculated using the Scherrer equation) decreased from 10.1 to
3.8 nm, the proportion of Ni in M(2) sites increased relative to Ni
in M(1) sites. Significantly, the bulk P/Ni molar ratio and the ac-
tivity of the NiyP catalysts for HDS of 4,6-DMDBT was observed to
correlate with the proportion of Ni in M(2) sites. The authors con-
cluded that the surfaces of the NiyP particles terminate with M(2)
sites and, therefore, the proportion of these sites in the particles
increases as the particle size decreases. As the proportion of Ni
in M(2) sites increases, the bulk P/Ni molar ratio also increases as
square pyramidal Ni atoms (M(2)) are surrounded by five P atoms
while tetrahedral Ni atoms (M(1)) are surrounded by four P atoms.
Finally, the authors concluded that the active sites for HDS of 4,6-
DMDBT are Ni atoms in surface M(2) sites as the HDS activity
increases with the increasing proportion of Ni in M(2) sites. This
conclusion is consistent with the surfaces of the supported NiyP
particles being terminated with M(2) sites as discussed above.

Studies in a number of laboratories have shown that phase-
pure NiyP can be prepared on silica only if excess P is used in
the oxidic precursor [16,17,20,24]. In our laboratory, for example,
silica-supported NiyP was prepared from oxidic precursors having
P/Ni > 0.80; an oxidic precursor with P/Ni = 0.50, the stoichio-
metric ratio, yielded a mixture of Ni;P and Nij;P5 on the support
[24]. On the other hand, phase-pure Co,P on silica was prepared
from an oxidic precursor that contained the stoichiometric molar
ratio, P/Co = 0.50 [11]. The CoxNip_Py/SiO; catalysts investigated
in this work were prepared from oxidic precursors having nom-
inal P/Me molar ratios of 0.50, but a few catalysts having the
general composition of Cog ogNi1.92Py/SiO;, were prepared from ox-
idic precursors containing excess P (0.60 < P/Me < 1.1). For the
CoxNip_xPy[SiO; catalysts prepared from oxidic precursors having
a nominal P/Me = 0.50, the actual compositions were slightly P-
rich, lying in the range P/Me = 0.53-0.55, which is similar to
that of a Co,P/SiO; catalyst (P/Co = 0.53). Not surprisingly, the
CoxNiy_xPy/[SiO; catalysts prepared from oxidic precursors con-
taining excess P had compositions which were more P-rich. A
Cop,0gNi1.92P160/SiO, catalyst had a phosphorus-to-metal ratio of
P/Me = 0.64, which is similar to the value of P/Ni = 0.61 reported
previously for a NiyggP1.60/SiO, catalyst [24]. As will be discussed
shortly, this excess P in the metal phosphide particles is believed
to play an important role in the high activity and stability of these
materials for HDS.

Despite having bulk compositions that were P-rich (P/Me >
0.50), the surfaces of Co3,00P1.00/Si02 and Niy ogP1.60/SiO, catalysts
were metal-rich (PS/Me® < 0.50), as indicated by the composi-
tion data in Table 1. Interestingly, the CoxNiy_xP100/SiO, cata-
lysts prepared in this study have surfaces that were not only
P-rich relative to the expected stoichiometry of the metal phos-
phide phases (i.e. PS/Me® > 0.50), but were also P-rich relative
to the actual bulk composition of the catalysts with one ex-
ception (Cog.04Ni196P1.00/Si02). A CoxNip_xPy/SiOy catalyst that
was prepared from an oxidic precursor containing excess P,
Co0.08Ni1.92P160/Si02, had a highly P-enriched surface (PS/Me® =
0.91) relative to Niy ggP160/Si02 (PS/MeS = 0.45). Abu and Smith
[32] observed similar surface P-enrichment for unsupported phos-
phide catalysts having the general formula CoxNi;P where 0.08 <
x < 0.34. While the catalysts had nominal bulk P/Me molar ratios
that were metal-rich (P/Me < 0.50), the surfaces of the catalysts
were P-rich (1.2 < P¥/Me® < 4.8). This is in contrast to the un-
supported NipP catalyst investigated, which had a nominal bulk
composition of P/Ni = 0.50 and a measured surface composition
of PS/Ni* = 0.5. Taken together, the results of Abu et al. [32] and
those of the current study indicate that incorporation of relatively
small amounts of Co into NiyP catalysts leads to surface enrich-
ment of P. We believe that these observations can be understood in
terms of the solid state chemistry of the metal phosphide particles.
As discussed above, neutron diffraction measurements revealed
that there is ordering of the metals in the M(1) and M(2) sites
in CoxNiy_yxP materials, with Ni atoms occupying more M(2) sites
than M(1) sites. Since Ni atoms in M(2) sites are bonded to five P
atoms while Ni atoms in M(1) sites are bonded to four P atoms,
a higher proportion of Ni atoms in M(2) sites at the surface of the
phosphide particles would lead to more P-rich surfaces.

4.2. HDS properties of CoxNip_xPy/SiO> catalysts

As briefly summarized in the Introduction, the few studies
of bimetallic phosphide catalysts reported in the literature have
shown these phosphide materials to have HDS or HDN activities
that are lower than, in between, or higher than the catalytic ac-
tivities of the monometallic phosphides of the same metals. The
CoxNip_xPy[SiO; catalysts investigated in this study show similar
variability in their HDS activities relative to those of Co,P/SiO, and
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NiyP/SiO; catalysts, as the activities of the bimetallic phases show
a strong dependence on composition. For CoxNiy_xP1,00/SiO> cata-
lysts with substantial Co contents (0.50 < x < 2.00), the HDS activ-
ities were similar to or less than that of Co,P/SiO;, while the activ-
ities for catalysts with x < 0.50 increased dramatically (as the Co
content decreased) and approached that of a Niy ggP1.60/SiO2 cata-
lyst optimized in an earlier investigation [24]. Since the optimized
nickel phosphide catalyst was prepared from an oxidic precursor
containing excess P (P/Ni = 0.80), the effect of excess P on HDS
activity for the fixed metal composition CogogNi192Py/SiO2 was
investigated (1.00 < y < 2.20). Excess P in the oxidic precursors
affected the HDS activity strongly, with the catalyst with the op-
timal composition, CogogNiq92P2.00/Si02 (P/Me = 1.00) having an
HDS activity that was 34% higher than that of the Nij ooP1.60/SiO2
catalyst. While the excess P in the NiygoP160/SiO2 catalyst pre-
cursor was necessary to form phase pure NiyP on the silica sup-
port, no excess P was needed in the CogogNijgpPy/SiOy cata-
lysts to form a phase pure bimetallic phosphide phase on the
support. Further addition of P in the oxidic precursor of the
NiyPy/SiO; catalysts (i.e. P/Ni > 0.80) also resulted in phase
pure Ni,P on the support, but the catalysts HDS activity de-
creased due to dramatically lower active site densities as mea-
sured by O, chemisorption. On the other hand, inclusion of ex-
cess P up to a molar ratio P/Me = 1.00 in the oxidic precursors
of CogogNiq92Py/SiO; catalysts resulted in increased HDS activity;
a Cog,pgNi1.92P2,00/Si02 catalyst was 1.5 times more active than a
Cop.0gNi1.92P1,00/Si0; catalyst. While XPS spectra were not acquired
for the CogogNi192P2.00/SiO2 catalyst, surface composition results
from XPS spectra for a CogggNi1g2P160/Si0, catalyst that was also
highly active indicate significant surface P enrichment (P/Me®
= 0.91) relative to the CoggogNi192P100/SiO2 catalyst (PS/MeS =
0.59). Despite this high surface P content, the CoggNi1.92P1.60/Si02
catalyst adsorbed a similar amount of Oz (118 pmol/g) follow-
ing an Hy pretreatment as did the CogogNij92P1,00/Si0, catalyst
(127 pmol/g), indicating that the excess P in the bimetal phos-
phide catalysts was not blocking adsorption sites as was observed
previously for NiyPy/SiO, catalysts with P/Ni > 0.80. The HDS
and surface composition results for the CoxNiz_xP100/SiO2 cata-
lysts indicate that low HDS activities are associated with high
surface Co contents and/or low surface P contents, while high
HDS activities are associated with high surface P content, and the
metal at the surface being Ni. The latter combination is best re-
alized for CoxNip_xPy/SiOy catalysts containing small amounts of
Co (x~ 0.08) and a substantial excess of P (1.60 < y < 2.00) in
the oxidic precursor. Noting the solid state chemistry findings dis-
cussed above, we conclude that there is a high density of Ni atoms
in M(2) sites at the surfaces of the CogggNijg2Py/SiO; catalysts.
As a result, these materials can accommodate substantial excess P,
have P-enriched surfaces, and have high HDS activities.

To explore the role of surface P in HDS over phosphide cata-
lysts, Abu and Smith [32] probed the acidity of unsupported NiyP
and CoxNiyP catalysts using n-propylamine and correlated their
findings with the activities of these catalysts for 4,6-DMDBT HDS.
A CogogNiyP catalyst, which had a highly P-enriched surface (rel-
ative to the Ni,yP), adsorbed over three times more n-propylamine
than did the Ni,P catalyst. In addition, the CogogNiP catalyst was
1.7 times more active for 4,6-DMDBT HDS than Ni,P on a weight
basis and twice as active on a turnover frequency basis. The au-
thors attributed this increased HDS activity to the enhanced acidity
of the bimetallic phosphide catalyst due to the enrichment of P at
its surface. Based on analysis of the product selectivities, the au-
thors concluded that the higher activity of the CogogNiyP catalyst
relative to NiyP was due to significantly enhanced HDS via the di-
rect desulfurization pathway for the bimetallic phosphide catalyst.
The higher surface acidity of the CogogNiyP catalyst may promote
migration of methyl groups to give isomerized products such as

2,8-DMDBT, which are more reactive for direct desulfurization than
is 4,6-DMDBT. Increased catalyst acidity due to surface enrichment
of P on CoxNip_xPy[SiO; catalysts may also play a role in the thio-
phene HDS activities measured in the current study, but this was
not investigated. However, since thiophene HDS proceeds exclu-
sively via the direct desulfurization pathway on most catalysts and
no methyl migration is possible, we expect this factor is less dom-
inant than it might be for 4,6-DMDBT HDS.

Consistent with HDS activity versus time on-stream data re-
ported for Co,P/SiO,, CoP/SiO, and Ni,P/SiO, catalysts [11,20,24],
the CoxNip_xPy/SiO; catalysts exhibited remarkable stability un-
der HDS conditions with no indication of deactivation during the
~75 h on-stream. Any initial deactivation of the catalysts due to S
incorporation likely occurred during the first few turnovers of thio-
phene on the catalyst sites, which would be too rapid to observe
on the time-scale of the sampling (15 min). As discussed in Sec-
tion 4.3, we conclude that the amount of S incorporation into the
catalysts plays an important role in determining the activity of the
CoxNip_xPy/SiOy catalysts.

4.3. Surface chemistry of HDS-tested CoxNip—xPy/SiO> catalysts

In order to be effective hydrotreating catalysts, candidate ma-
terials must possess high activity while also being resistant to
sulfur poisoning. A number of studies reported in the litera-
ture have shown nickel phosphide catalysts to be highly active
and stable HDS catalysts [9,10,14,17-21,24-29,46]. Bulk analyses
have revealed remarkably low S incorporation into NiyPy/SiO; and
CoxPy[SiO; catalysts after HDS testing or treatment in HpS/Hy [11,
21,24,46]. Sawhill et al. [24] measured a bulk particle composi-
tion of NioP10S0017 for a 30 wt% NiyP/SiO, catalyst following
H,S/H, at 650 K, which can be compared with a composition
of NizoP12S0.060 determined by Oyama et al. [21] for a 24.4 wt%
NiyP/SiO; catalyst following dibenzothiophene HDS at 643 K. Fur-
ther, it was observed that the S content of H,S/H-treated or
HDS-tested NiyPy/SiO catalysts decreased with increasing bulk
P/Ni molar ratio [21,24,46], and as the surface P/Co molar ratio
increased for HpS/Hy-treated CoxPy/SiOy catalysts [11]. The surface
composition of Niyg7P100S0.32 measured in the current study for
a tested NiyooP160/SiO, catalyst can be compared with a surface
composition of Nig33P100S0.04 determined by Koranyi [14] for a
sample of unsupported Ni,P treated in H,S/H, at 673 K. The lower
surface S content measured for the unsupported NiyP is likely due
to the high surface P/Ni molar ratio for this material relative to
the Nip goP1.60/SiO; catalyst. The HDS-tested CoxNiz_xPy/SiO; cat-
alysts had lower surface S contents than either the CoygoP100/
SiO; or NiyoP160/SiO7 catalysts investigated in this study. Indeed,
a CogogNi192P160/SiO2 catalyst had a surface S content that was
just 31% of that of the Niy ggP160/SiO, catalyst (on an S/Me basis).
The resistance of the CoxNiy_xPy/SiO; catalysts to S incorporation
can be correlated with the surface P enrichment of these materi-
als relative to the monometallic Coz,09P1,00/Si02 or NizgoP1,60/Si02
catalysts as indicated by the data plotted in Fig. 6. Additional
insight into the surface properties of the CoxNi_xPy/SiO, cata-
lysts in the sulfiding conditions of an HDS reactor can be gained
from the O, chemisorption data for the catalysts following H, and
H,S/H, pretreatments. While the chemisorption capacities of the
C02.00P1.00/S102, Niz0oP160/Si02 and Co-rich CoxNiy_xPy/SiO> cat-
alysts were lower following the H,S/H, pretreatment (relative to
the Hy pretreatment), indicating a loss of active sites, the Ni-rich
CoxNip_xPy[SiO; catalysts had higher chemisorption capacities fol-
lowing the H,S/H; pretreatment. For example, the highly active
Cop.0gNi1.92P160/SiO, catalyst had a 35% higher O, chemisorption
capacity following the H,S/H; pretreatment than after the H; pre-
treatment. Two possible explanations for the higher chemisorp-
tion capacities for these Ni-rich CoxNip_xP)/SiO; catalysts after the
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H,S/H; pretreatment are the following: (1) Incorporation of a very
small amount of S into the catalysts is beneficial due to forma-
tion of a surface phosphosulfide phase, which has a higher site
density than the surface phosphide phase that results from reduc-
tion in pure Hj. (2) Pretreatment in a H,S/H, mixture may be
more effective at removing the passivation layer formed on the
phosphide particles after TPR, thus exposing more adsorption sites,
than is a similar pretreatment in pure H,. What is clear is that
the small quantity of S incorporated into Ni-rich CoxNi;_xP)/SiO;
catalysts during H,S/H, pretreatment (or HDS) does not block
a significant number of adsorption sites. Based on the surface
composition of the CogogNijg2P160/Si02 catalyst after HDS test-
ing, Cop13Ni159P100S0.06, Only 4% of surface Ni atoms would be
blocked by S if it is assumed that the sulfur adsorbs exclusively
on surface Ni atoms. Assuming that the O, chemisorption capaci-
ties following H,S/H, pretreatment provide good estimates of the
active site densities under HDS conditions, turnover frequencies of
0.017 and 0.019 s—! can be calculated for the NiyooP160/SiO2 and
CopsNi192P16/Si0, catalysts, respectively. These values are similar
within the uncertainties of the measurements and we conclude,
therefore, that the high HDS activity of the CogogNi1.92P1.60/Si02
catalyst can be traced to its remarkably high site density under
the sulfiding conditions present in HDS processing. Consistent with
these findings and the solid-state chemistry evidence that suggests
that Ni atoms in CoxNip_xPy/SiO; catalysts occupy disproportion-
ately more pyramidal M(2) sites than tetrahedral M(1) sites, we
further conclude that the high site densities of these catalysts are
due to Ni atoms in surface M(2) sites, which results in P-enriched
surfaces that are resistant to site blockage due to S incorporation.

5. Conclusions

The HDS activities of a series of CoxNip_xPy/SiO; catalysts
have been measured and correlated with the bulk and surface
properties of the catalysts. An oxidic precursor composition of
Cop.0gNi192P200 on the silica support yielded the bimetallic phos-
phide phase having the highest HDS activity, 34% higher than
that of an optimized nickel phosphide catalyst prepared from
an oxidic precursor having a composition of NijgoP160. X-ray
photoelectron spectroscopy revealed Ni-rich CoxNip_P,/SiO; cat-
alysts (e.g., CogogNi1.92P1.60) to have surface enrichment of P rela-
tive to monometallic phosphide catalysts (e.g., Ni 0oP1.60/Si02 and
C02.00P1.00/Si02) and to incorporate remarkably low amounts of S
during HDS testing. The high activities of these CoxNip_xPy/SiO;
catalysts are attributed to surface enrichment of P relative to nickel
phosphide, which results in improved resistance to S incorporation
under HDS conditions. Consistent with these findings and solid-
state chemistry evidence reported by others, we conclude that Ni
atoms in Ni-rich CoxNiy_xP)/SiOy catalysts occupy disproportion-
ately more pyramidal M(2) sites than tetrahedral M(1) sites, and
that the high site densities of these catalysts are due to Ni atoms
in surface M(2) sites, which results in P-enriched surfaces that are
resistant to site blockage due to S incorporation.
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