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This study aims at characterizing the properties of pure and sulfided NiMoO, catalysts using synchrotron-based near-edge X-ray
absorption fine structure (NEXAFS) and temperature-programmed reduction (TPR). Mo L,,-edge and M;;-edge NEXAFS spectra indicate
that on reaction with H,S, the Mo component of NiMoO, gets partially reduced with the formation of MoS, type species. For the
B-phase of NiM0oOy, the sulfidation of Mo is more extensive than for the a-phase, making the former a better precursor for catalysts
of hydrodesulfurization (HDS) reactions. The Ni Lj-edge features are relatively insensitive to the changes accompanying the partial
sulfidation of NiMoOy4. The sulfidation of the Ni component is confirmed by analysis of the Ni K-edge extended X-ray absorption
fine structure (EXAFS) spectra which show the formation of Ni—S bonds (bond length ~2.48 A) and a NiMoS,, phase. The S K-edge
NEXAFS spectra show the presence of at least two types of sulfur species, one associated with a forma oxidation state of 2— and
another associated with a formal oxidation state of 6+. We attribute the former to the presence of metal—sulfur bonds (MoS, and
NiS,). The latter is associated with the formation of S-O bonds (soi—). The formation of sulfates is also supported by the O K-edge
NEXAFS spectra. The partialy sulfided NiMoO, catalysts (both o- and 3-isomorphs) have a much lower therma stability in areducing
environment than pure NiMoO4 and MoS,. The sulfided molybdates react with H, in TPR producing H,O and H,S at temperatures

above 400 K.
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1. Introduction

Under atmospheric pressure, three phases of NiMoO,
stoichiometry can exist, usualy designated as «, 5 and
the hydrate [1-3]. In all three compounds, Ni%* ions oc-
cupy sites with octahedral coordination. The coordination
of Mo®t ionsis octahedral in the a-phase while it istetrahe-
dral in both the - as well as the hydrate-phase [4]. Nickel
molybdates are important components of the industrial cat-
alysts used for the partial oxidation of hydrocarbons [5].
These catalysts are very sensitive to sulfur poisoning and it
isimportant to understand how the reaction with H,S affects
the properties of these mixed metal oxide catalysts. In ad-
dition, molybdates of the type NiMoO, have been detected
severa timesin theindustrial catalysts (Ni-Mo/Al,03) used
for hydrodesulfurization processes [6,7]. Prior work has
shown that sulfided 3-NiMoO, is a much better catalyst
for the hydrodesulfurization (HDS) of thiophene than sul-
fided a-NiMoO,4 [8-10]. This study is aimed at charac-
terizing the electronic and chemical properties of NiMoO,
catalysts both, before and after sulfidation, using X-ray ab-
sorption spectroscopy (XAS) and temperature-programmed
reduction (TPR).

NEXAFS performed with synchrotron radiation has
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emerged as avery powerful tool for characterizing the elec-
tronic properties of catalytic materials [11]. Recent works
have shown that the local site symmetry of molybdenum
oxide phases dispersed on MgO, TiO,, Al,03 and SO,
can be determined using the Mo L, ;-edges[12,13]. These
edges are due to 2p — 4d electronic transitions and the vari-
able splitting in the Mo L, ;;-edges reflects the ligand field
splitting of the d orbitals. Also, the Mo M-edges are very
sensitive to the oxidation state of Mo and a measurement
of the energy position of the peak center of the Mo M-
edge feature can be used to identify the oxidation state of
Mo [14,15]. A similar measurement of the Ni L;-edge can
yield information about the oxidation state of Ni [14,16].
Theresults of the metal M- and L -edges often provide either
additional or complementary information to the O K-edge
measurements of the transition metal oxides [14]. Thereis
adirect relation between the featuresin the O K-edge spec-
trum and the number of electrons in the d metal [17,18].
Several studies have demonstrated that the leading edge po-
sition of the S K-edge feature depends very strongly on the
oxidation state of sulfur in acompound [14,21-24]. Finaly,
Ni K-edge extended X-ray absorption fine structure (EX-
AFS) spectroscopy has been used to accurately determine
the structural parameters of nickel oxide systems [19,20].
Thus, a measurement of the Mo L- and M-edges, Ni K-
and L-edges, O K-edge and S K-edge spectra should pro-
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vide detailed information about the structural and electronic
properties of pure and sulfided NiMoO, catalysts. In addi-
tion, these spectra can be used as “fingerprints’ to detect
the presence of these compounds in supported catalysts.

2. Experimental

NiMoO, samples were prepared following the methodol -
ogy described in detail in [8,9,25]. Both - and 5-NiM0O4
were synthesized from the hydrated sample which was pre-
pared by coprecipitation from agueous Ni(NOs), and am-
monium heptamolybdate [9,26]. The a-phase was prepared
by firing H,O-NiMoO, at 550°C and slowly cooling to
room temperature (~5°C/min). The g-isomorph was pre-
pared in a similar manner except that the temperature was
always kept above 300°C to avoid the formation of the
a-isomorph [4,8,9]. The samples were partially sulfided by
passing the same amount of H,S through the a- and the
(B-isomorphs at 400°C in a U tube quartz reactor.

TheMo L1-edge and S K-edge NEXAFS spectrawere
recorded at the NSLS on beamline X-19A. The beamline
is equipped with a boomerang-type flat crystal monochro-
mator with Si(111) crystals. The harmonic content was
reduced by detuning the monochromator by ~90%. The
measurements were performed in the “fluorescence-yield
mode” using a Stern—Heal d-Lytle detector with He as the
detector gas [27,28].

The Ni L-edge, Mo M-edge and O K-edge NEXAFS
spectra were acquired at the NSLS on beamline U-7A.
This beamline is equipped with a toroidal—spherical grating
monochromator. All spectra were acquired at room tem-
perature in the “electron-yield mode” using a channeltron
multiplier located near the sample surface [294].

The Ni K-edge EXAFS spectra were taken at the NSLS
on beamline X-6A. All these spectra were acquired in the
transmission mode. The EXAFS oscillations were sepa-
rated from the absorption background by using a cubic
spline background removal technique[290]. A k3-weighted
Fourier transform was applied to the EXAFS signal [29b]
to obtain the Ni-O and Ni-S bond lengths.

The temperature-programmed reduction (TPR) experi-
ments were performed in a RXM-100 instrument from Ad-
vanced Scientific Designs, Inc. The temperature of the sam-
ple was raised from 40 to 700°C using a heating rate of
20°C/min. The reduction was carried out in a gas flow
that consisted of 15% H, + 85% N,. The total flow rate
was 50 ml/min. Chemical analysis of the desorbing prod-
ucts was performed using a quadrupole mass spectrometer
(UTI 100C).

3. Results
The left panel of figure 1 shows the Mo L, -edge NEX-

AFS spectra for a series of pure and sulfided molybdates.
The corresponding features for two reference compounds

(MoS; and MoQ3) are aso included as the top and the bot-
tom curves, respectively. All these spectra were acquired
at room temperature. This edge probes 2p — 4d electronic
transitions. The splitting in the Mo L;-edge feature re-
flects the splitting of the 4d orbitals [4,12,30]: e and t;
in Tq symmetry; t,y and g5 in O, symmetry. It can be
seen that MoO3; and a-NiMoO, show a splitting of 3.2 and
3.1 eV, respectively, while the splitting for H,O-NiM 0O,
is ~1.6 eV. In tetrahedral coordination, the splitting of the
Mo 4d orbitals is smaller than the splitting in an octahedral
coordination [4,12,30]. On this basis, we conclude that Mo
is in an octahedra coordination in the a-isomorph while
it is in a tetrahedral environment in the hydrate sample.
A tetrahedral environment (Mo 4d splitting <2 eV) is aso
expected for 5-NiMoO, [1-4], but this phase transforms
into a-NiMoO, at the temperature at which the spectrain
figure 1 were taken (25°C). The sulfided samples of both
the a- and B-NiMoO, show a line shape that is similar to
the one obtained for MoS,. The oxidation state of Mo is
4+ in MoS, compared to a value of 6+ for the oxides.
MoS; has a trigonal prism structure [31]. When a trigonal
perturbation is applied to d orbitals, there is scrambling of
the tyy and ey orbitals resulting in loss of the discrete levels
present in T4 or O environments [32]. This accounts for
the single broad feature that we observe between 2624 and
2631 eV for the Mo L ;-edge NEXAFS spectrum of MoS;.
The similarity in the line shape of a-NiMoO4 with MoO3
suggests that Mo has asimilar bonding environment in both
compounds, while a comparison of the line shape of the sul-
fided samples with MoS,; is indicative of the fact that Mo
has a similar bonding environment in all three compounds.

The Mo L -edge peak position for MoS; is ~2.0 eV
lower than the corresponding position for the MoOs L -
edge peak. The peak positions of the metal L-edge fea-
tures are related to the formal oxidation state of the parent
metal [14,33]. The forma oxidation state of Mo is 6+ in
MoOs while it is 4+ in M0S,. Both a- and HoO-NiM 00O,
have the same L, -edge peak positions as MoO3 while the
peak positions for the sulfided samples are lower than the
valuefor MoOj3 but ~1.0 eV higher than the value for MoS;
(M0oS; < -NiM00O4+S < a-NiM004+S < MoOg3). This
indicates that Mo gets partially reduced upon sulfidation of
NiMOO4.

The Mo My;;-edge NEXAFS spectra are presented in the
right panel of figure 1. This data supports the inferences
drawn from the Mo L -edge spectra. The NEXAFS peak
position for MoO; (bottom spectrum) is ~1.2 eV higher
than the corresponding position for MoS, (top spectrum)
and the value for the sulfided NiMoO, samples lies in be-
tween the values for the two reference compounds (MoS;
and MoOg). Figure 2 shows the relationship between the
main peak position in the Mo M, ;;-edge NEXAFS spec-
tra and the Mo oxidation state. The data for Mo(110),
O/M0(110) and M0oOg3 (obtained from [14] and [15]) de-
noted by circles lies on a straight line. A similar rela-
tionship between the peak position of the Ru M-edge fea-
ture and the oxidation state of Ru has been shown ear-
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Figure 1. Left panel: Mo Lj-edge NEXAFS spectra of MoO3, a-NiM0oOy4, HoO-NiMoOy, a-NiMoO, (sulfided), 3-NiMoO, (sulfided) and MoS;.
The splitting in the NEXAFS features reflects the d orbital splitting [12]. Right panel: Mo M;;-edge NEXAFS spectra of the same series of compounds
shown in the left panel. All spectra were recorded at room temperature.
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Figure 2. Plot of the Mo oxidation state versus the Mo M,;-edge NEXAFS peak position. The data for Mo(110), O/M0(110) and MoOs3 (obtained
from [14] and [15]) denoted by circles are fitted to a straight line (r = 0.99). The experimental data points for pure and sulfided NiMoO, samples are
denoted by triangles that are set on the line at the measured NEXAFS peak positions. The value for MoS; is experimentally obtained and the point
set at aforma oxidation state of 4+.
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Figure 3. Ni L;-edge NEXAFS spectra of a-NiMoOy4, a-NiMoO, (sul-
fided), B-NiMoO, (sulfided) and NiS.

lier [14,34]. The experimental data points are denoted by
triangles that are fitted to the line. It can be seen that both
«- and H,O-NiMoO, coincide with MoOj3 indicating a for-
mal oxidation state of 6+ for the Mo atom. The value for
MoS; is experimentally obtained and the point set at a for-
mal oxidation state of 4+. It can be seen that the NEXAFS
peak positions for both sulfided NiMoO, samples are be-
tween the corresponding values for MoOs and MoS,. This
reinforces our previous contention that there is extensive
sulfidation of Mo when both, a- and 5-NiMoO, react with
H,S. Also, the peak positions indicate that on reaction with
H,S, 5-NiMoOy is sulfided or reduced to a greater extent
than the a-isomorph.

The Ni L,-edge NEXAFS spectra for pure a-NiMoO,
and the two sulfided samples are shown in figure 3. The
spectrum for NiS is also included on the top for reference.
This level probes the Ni(2p) — Ni(3d) electronic transi-
tion. There is no significant change in the NEXAFS peak
position for a-NiMoO, on sulfidation. Sulfided 3-NiMoO,
also appears at the same energy position. Peak positions
for NiO and H,O—-NiMoO, are ~0.5 eV (not shown) lower
than those shown in figure 3. These results indicate that the
3d orbitals of Ni arein a similar chemical environment in
al the NiMoO,4 compounds. The concurrence of the peak

position of NiS with the value for the three oxidic NiMoO,
samples shown in the spectra suggests that the Ni L;-peak
position is not sensitive enough to see changes on sulfi-
dation. The L-edge NEXAFS peak position for transition
metals is known to be very sensitive to the oxidation state
of the parent metal [14]. In this particular case, Ni is in
2+ oxidation state in al the compounds and this in part
accounts for the relative insensitivity of the Ni L, -edge to
sulfidation. To address the issue of Ni sulfidation, we took
Ni K-edge EXAFS data for both pure and sulfided NiMoO4
samples.

The Ni K-edge probes primarily the Ni(1s) — Ni(4p)
electronic transition while the pre-edge feature is associated
with Ni(1s) — Ni(3d) electronic transition. This Ni(1s) —
Ni(3d) pre-edge feature is symmetry forbidden in a strictly
octahedral field but is allowed in a tetrahedral field. The
complete absence of this feature in the Ni K-edge EXAFS
of NiO, a-NiMo00O,4+S and 3-NiM0O4+S (raw spectra not
shown) suggests that Ni is in an octahedral environment
in al the sasmples. Results obtained previously from EX-
AFS analysis of sulfided NiO-Mo0O; catalysts have shown
that Ni is in an octahedra environment bonded to both
oxygen as well as sulfur atoms [35]. The similarity of
the sulfided systems suggests that it is possible that the
NiMoO, phase exists in the NiO-MoOs-supported cata
lysts. Figure 4 compares the Ni K-edge EXAFS results for
a-NiMoO, (sulfided), 3-NiMoO, (sulfided) and NiO. The
figure shows the magnitude of the k3x (k) Fourier transform
of the EXAFS spectra. In the top panel, the NiO data is
used to calibrate the Ni—-O bond length. The peak corre-
sponding to the Ni—O bond Iength isset at avalue of 2.08 A
[19,36a] and the peak at ~3 A is attributed to the Ni—Ni
bond length [36b]. On similar treatment, the data for the
sulfided samples of both a- and 3-NiMoO, exhibit a peak
corresponding to the Ni—O bond at ~2.08 A and an addi-
tional feature at 2.48 A. This feature is absent in both NiO
(top panel of figure 4) and a-NiMoO, (results not shown).
We attribute this to the presence of Ni—S bonds. The corre-
sponding value for bulk NiS [37] is reported to be between
2.33and 2.39 A. The higher value of the Ni—S bond length
in our case may be in part due to the complex nature of the
sulfided NiMoO,4 samples. Both sulfided samples also ex-
hibit features between 2.7 and 2.8 A. These match very well
the Ni-Mo bond length that has been reported previously
for ((CgHs)4P)2Ni(M0Sy)2 (2.79 A) [36b] and Ni-MoS,/C
(2.82 A) [38], and in our case, it is attributed to the Ni—
Mo bond length in an amorphous NiMoS, phase formed
upon sulfidation. Support for this argument comes from
the absence of this feature in pure a-NiMoO, (results not
shown). A small feature at ~3.25 A is assigned to the
presence of Ni-Mo bonds in the NiMoO, that remains in
the sample after sulfidation, since it was present in the case
of pure a-NiMo0O,. Thus, the sulfided NiMoO, samples
have the presence of both Ni-O and Ni—S bonds and on
reaction with H,S, Ni gets partially sulfided. We will come
back to this point again when we describe the temperature-
programed reduction (TPR) results. It may be argued that
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Figure 4. Plot of the magnitude of the Fourier transform of k3x(k) in

the Ni K-edge EXAFS spectra for NiO, top panel, 3-NiMoO, (sulfided),

middle panel, and a-NiMoO, (sulfided), bottom panel. The NiO data is

used to cdibrate the Ni—O bond length and the peak corresponding to the

Ni—O bond length is set at 2.08 A. On similar treatment, the data for the

sulfided samples of both a- and 3-NiMoO,4 exhibits an additiona feature
at 2.48 A that can be attributed to the presence of Ni—S bonds.

the samples picked up oxygen from atmosphere, but we
ruled out this possibility by taking the Ni K-edge EXAFS
spectra on samples that were sealed in an inert atmosphere
after treatment with H,S.

The S K-edge NEXAFS spectra of both a- and -
NiMoO, (sulfided) are exhibitedin figure 5. Also shown for
reference are the corresponding spectrafor MoS,; and a salt
that contains a sulfate (FeSO,). The S K-edge spectrum of
MoS,; is characterized by an intense edge at 2469.6 eV fol-
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Figure 5. S K-edge NEXAFS spectra of M0S, a-NiMoO, (sulfided),
B-NiMoO, (sulfided) and FeSO,4. All spectra were acquired a room
temperature.

lowed by additional features at ~2478 and ~2488 eV. This
is similar to the spectrum that has been reported previously
for NiS [39]. Much of the structure observed in the NEX-
AFS spectra corresponds to transitions to bound states, a-
though other phenomena such as shake-up and shake-down
satellites and continuum resonances [24,39,40] also con-
tribute. Bound state transitions commonly follow simple
dipole selection rules, and an intense feature at the K-edge
would thus be expected to correspond to a transition to a
level possessing significant p-orbital character (e.g., 1s —
m* or 1s — ¢*). Although, a detailed analysis of the NEX-
AFS spectrais beyond the scope of thiswork, wewill aim at
using the spectra to fingerprint the electronic nature of sul-
fur. We will focus our attention only on the NEXAFS peak
position. The S K-edge for FeSO, occurs nearly 11 eV
higher than the one for M0S,. Both a- and 3-NiMoO4
(sulfided) samples show peaks at 2469.6 and 2481 eV. This
suggests the presence of at least two kinds of sulfur species
in the sample. The peak at lower photon energies is asso-
ciated with the presence of metal sulfides (MoS,. and NiS)
while the peak at higher photon energy (~2481 eV) is as-
sociated with the formation of sulfate (Soff) species. We
mentioned earlier that the samples were not fully sulfided
(i.e., they still contain oxygen). Thus, it is not too sur-
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Figure 6. Plot of the sulfur oxidation state versus the S K-edge NEX-
AFS peak position. The vaues for the reference compounds (M0S,, S,
NaSO3 and NapSO4) are denoted by filled circles and the data is fitted
to a straight line (r = 0.99). The values for a-NiMoO, (sulfided) and
B-NiMoOy (sulfided) are denoted by triangles and set on the line. Both
sulfided NiMoO,4 samples contain at least two different kinds of S species
in two distinct oxidation states (2— and 6+). All the spectra were acquired
at room temperature.

prising that the sulfur interacts with oxygen to form sulfate
type species. The S K-edge NEXAFS spectrum of FeSO,
shows additional features at ~2490 and ~2497 eV. These
are associated with the SO~ species and have aso been re-
ported earlier for both K2SO4 [24] and Na,SO4 [39]. The
spectra for the two sulfided NiMoO, samples also show
broad features in this region and offer additional proof for
the presence of sulfate species. Further proof for the forma-
tion of sulfate is offered in the O K-edge spectra presented
later in figure 7.

Severa earlier studies have amply demonstrated that the
peak position of the S K-edge NEXAFS spectra can be
used to characterize the oxidation state of sulfur [14,21-24].
Figure 6 shows a plot of the sulfur oxidation state versus
the NEXAFS peak position. The filled circles for MoS,,
S,, SO3~ and SO3~ are the reference compounds (NEX-
AFS peak positions were obtained experimentally except
for SO§‘ which was taken from [39]) that correspond to a
sulfur oxidation state of 2—, 0, 4+ and 6+, respectively.
The data were fitted (solid line) with a least squares line
(r = 0.99). The energy positions of the two peaks in both
a- and 3-NiMoOy (sulfided) samples are indicated by trian-
gles on the regression line. It can be clearly seen that there
are at least two sulfur species present in each of the sulfided
NiMoO, samples. The sulfur appearing at a photon energy
of 2469.6 eV (oxidation state ~1.7—) is associated with
the presence of metal—sulfur bonds that could be associated
with MoS, and NiS,. The sulfur NEXAFS feature appear-
ing at 2481 eV (oxidation state ~6+) is attributed to the
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Figure 7. O K-edge NEXAFS spectra of M0oOs, a-NiM0oOy4, HyO—
NiM0O4, a-NiMoO, (sulfided), 8-NiMoO, (sulfided), NiO, Na;SO3 and
NapSO4. All spectra were acquired at room temperature.

presence of sulfur—oxygen bonds in sulfate species (Soﬁ‘
that are formed on the reaction H,S with the NiMoO, cat-
alysts.

Figure 7 shows the O K-edge NEXAFS spectra for a-
NiMoO,4, H,O-NiMoO,4 and sulfided «- and 3-NiMoOs,.
Also included in the figure are the spectra for a few refer-
ence compounds. MoOg3, NiO, NaSO3 and N&SO,. For
metal oxides, the structure at the O K-edge arises from co-
valent mixing of the metal and oxygen states, which intro-
duces O(2p) character in unoccupied states of mainly metal
character making the O(1s) — metal(d,s,p) electronic tran-
sitions dipole allowed [16-18]. In the case of the NiM0O,
system, one can have electronic transition from O(1s) or-
bitals to the empty orbitals of either Ni or Mo. Upon inspec-
tion, it can be seen that the line shape of the O K-edge spec-
trum of both @-NiMoO, and H,O-NiMoO, bears closer
resemblance to MoOs than to NiO. This indicates that the
O(1s) electrons are excited primarily into the Mo(4d,5s,5p)
orbitals. There are three reasons that could account for
this behavior. First, the O(1s) — Mo(4d,5s,5p) transitions
may occur at alower energy than the O(1s) — Ni(3d,4s,4p)
transitions. Second, the mixing of the O(2p) orbitals with
the Mo(4d) orbitals is stronger than with the 3d orbitals
of Ni making the O(s) — Mo(d) transition more dipole al-
lowed than the O(1s) — Ni(d) transition. Finally, Mo®*
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has a fully empty valence d shell while the valence d shell
of Ni?t is more than half occupied. It has been shown
in an earlier contribution [4] that the separation in the first
and second peak in the O K-edge NEXAFS spectra tracks
very well with the splitting in the Mo Ly,- and L-edges
and reflects changes in the magnitude of the splitting of the
Mo(4d) orbitals when going from octahedral to tetrahedral
coordination. The O K-edge NEXAFS spectra provide ad-
ditional support to the data in figure 1 where we showed
that the coordination of Mo is Oy in a-NiMoO4 and T4 in
H,O-NiMo0Q,. T4 coordination is also observed in the case
of 5-NiMoOy [8].

The case of the sulfided NiMoO, samples is quite com-
plex because in addition to O(1s) — metal(d,s,p) electronic

transitions, we can also have transitions from O(1s) —
S(3d,4s,4p) orbitals. Quadlitatively, the line shape of the
O K-edge NEXAFS spectra of both sulfided NiMoO, sam-
ples is quite similar to that of N&SO, (hote that the line
shape of N&SO3 is quite different). The main peak in all
cases is centered at ~538.5 eV. We attribute thisto a O —
S electronic transition. This suggests that in the sulfided
NiMoO, samples, the oxygen is present as sulfates (sof;).
The sulfided NiMoO, samples also show additional weak
features between 530 and 535 eV. This is concurrent with
the features seen for MoOs and NiO. Thus, some oxygen
in the sulfided samples remains bonded to Mo or Ni.

We carried out temperature-programmed reduction (TPR)
for a series of NiMoO, systems by heating the samples at
20°C/min in a50 cm3/min flow of 15% H, + 85% N,. For
the sake of brevity, we present the results only for the pure
and sulfided a-NiM0O,. The hydrogen consumption for the
TPR of pure a-NiMoO, (bottom panel of figure 8) shows
adip at ~540°C. Prior work comparing the reducibility of
pure a-NiMoO4 with pure 3-NiMoO, has shown that the
a-isomorph is reduced ~60°C lower than the correspond-
ing value for the -isomorph [8]. TPR of pure MoS; did
not cause any change in the Hy background and did not re-
sult in the evolution of H,S either. The stability of MoS; in
H> under atmospheric pressure at temperatures up to 800°C
has been well documented [41]. The top panel of figure 8
shows the evolution of H,S when sulfided a-NiMoQO;, is
reduced with hydrogen. There is a main peak centered at
~475°C indicating that the sulfur from the sample com-
bines with the flowing H, to form H,S. A look at the
hydrogen consumption (middle panel of figure 8) reveals
that the majority of the hydrogen is consumed between 250
and 450°C. Water (not shown) desorbs as a broad feature
in this temperature range. There is aso a smaller con-
sumption of hydrogen at 580 and 650°C that results in the
evolution of H,S. Qualitatively, the hydrogen consumption
for 5-NiMoO, (sulfided) displayed similar behavior. Thus,
the reduction of both a-NiMoO, (sulfided) and 3-NiM 0O,
(sulfided) results in the evolution of H,O and H,S. This
is conclusive evidence that the samples are only partialy
sulfided. All these results taken together show that both
sulfided a- and 3-NiMoO,4 are more easy to reduce than
pure NiMoO,4 or MoS,.

4, Discussion

Nickel molybdates used as catalysts in the partial oxida-
tion of hydrocarbons[5] are very sensitive to sulfur poison-
ing. The Mo L- and M-edge NEXAFS results suggest that
on reaction of NiMoO,4 with H,S, the Mo gets reduced due
to the formation of Mo-S species akin to MoS,. It isinter-
esting to note that MoS,, is formed from both a-NiMoO,4
(where Mo is in Oy coordination) and 3-NiMoO, (where
Mo is in T4 coordination). It has been reported in the
literature that MoS; is readily formed by heating MoOs
in HpS [31]. We suspect a similar process occurs when
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NiMoQO; is heated in the presence of dihydrogen sulfide.
Upon reaction with H,S, the Ni atoms in both a- and
(-NiMoOy are also partialy sulfided and, in addition, there
is formation of SOZ~ species.

A prior study has shown that during the TPR of HDS
catalysts prepared by sulfiding Ni-Mo/Al,O3 [42], there is
reaction with H, between 250 and 350°C. In our experi-
ments, the sulfided NiMoO, samples show two peaks for
H, consumption at 250 and 400°C. The differences in the
peak temperatures can be attributed to different experimen-
tal conditions and are aso due to the sample differences
(Ni-Mo/Al,03 versus NiMoOg4). However, the similarity
does suggest that a phase resembling sulfided NiMoO4 may
be present in industrial type Ni-Mo/Al,O3 catalysts and is
a convenient precursor of the active HDS catalysts. In
addition, the EXAFS data suggests that a compound that
resembles sulfided NiMoO, is formed during the sulfida-
tion of NiO-MoOs industrial-like catalysts. Furthermore,
the EXAFS results for the sulfided NiMoO, samples show
features similar to those seen in Ni-Mo0S,/C catalysts [38],
suggesting that a NiMoS, phase is formed after exposing
the molybdates to H,S. This NiMoS, phase could contain
the Ni-Mo-S units that are proposed to be the active sites
for HDS reactions on industria catalysts [43].

It has been shown earlier that the thiophene HDS ac-
tivity of sulfided 8-NiMoOy is higher (20-40%) than that
of sulfided -NiMoO, [8-10]. This difference in catalytic
activity cannot be attributed to variations in the surface ar-
eas of the sulfides derived from a- and 3-NiMoO, [8,9].
Since the Ni EXAFS data does not show any significant
differences in the two samples, we will try to explain this
behavior by taking into account the properties of the Mo
sites. The higher catalytic activity of the -isomorph as
compared to a-NiMoO, can be understood in terms of a
higher number of catalytic sites on the former. A close
inspection of the Mo L;;- and M;;-edge NEXAFS spectra
of the two samples reveals that the sulfided (-isomorph
is more closely related to MoS, than the a-isomorph. In
the tetrahedral environment of the 3-phase, a Mo®* ion is
coordinatively unsaturated and in overall its empty 4d or-
bitals are less destabilized than in an octahedral field [44].
This favors bonding interactions between the Mo(4d) or-
bitals and the sulfur lone pairs of H,S. In other words, the
B-NiMoOy (sulfided) is not as sulfur deficient as the cor-
responding «-isomorph in the precursor state. Therefore,
under the HDS conditions, 5-NiMoO, (sulfided) produces
a greater number of active MoS, or NiMoS, sites.

In a previous work [45], after comparing the sulfidation
of MoO3 and Alx(M0Qy)s, it has been proposed that oc-
tahedrally coordinated Mo®+ is more easily sulfided than
tetrahedrally coordinated Mo®. A direct comparison of
the results for MoO3; versus Al,(MoOg); and a- versus -
NiMoO,4 can be mideading. Al,(M0Qy); is more difficult
to sulfide than MoOs, but these compounds have very dif-
ferent crystalline structures. Thisis not the case for the two
phases of NiM0O,4, where the basic structure is the same
but for the coordination of Mo.

5. Conclusions

(1) The reaction of H,S with both a-NiMoO, and -
NiMoO, results in extensive sulfidation of these com-
pounds. The results of X-ray absorption spectroscopy
(XAS) show the formation of MoS, type species and the
presence of both Ni—S bonds and Ni—O bonds. There are
at least two kinds of sulfur species present in the sulfided
NiMoO, samples. One is sulfur associated with the transi-
tion metals (MoS, and NiS,) and the other is sulfur as-
sociated with sulfate (soﬁ—) species. The higher HDS
catalytic activity of 5-NiMoO, (sulfided) compared to the
a-NiMoO, (sulfided) may be related to a more extensive
sulfidation of Mo in the former that leads to a greater num-
ber of catalytic sites.

(2) Reduction of the sulfided NiMoO,4 samples occurs at
lower temperatures than those for either of the pure phases
and results in the evolution of H,O and H,S. A compar-
ison of the TPR and EXAFS results with those obtained
for other relevant systems indicates that sulfided NiMoO,
(which contains a NiMoS, phase) may be present in the
sulfided samples of both NiO/MoO3; and Ni-Mo/Al,O3 in-
dustrial catalysts.

(3) Our results show that NEXAFS is a very pow-
erful technique to study the interaction of sulfur and
molybdenum-oxide catalysts. It alows the determination
of the oxidation states of S and Mo and the characterization
of these complex catalytic systems (see figures 2 and 6).
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