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Abstract

Active sites in Mo-based hydrotreating catalysts are produced by sulfidation. To achieve insights that may enable optimiza-
tion of the catalysts, this process should be studied in situ. Herein we present a comparative XAFS study where the in situ
sulfidation of Mo/6-Al,0O5 and Ni/5-Al,0O; is compared to that of 8-Al,0; supported NiMo catalysts with different NiMo
ratios. The study also covers the comparison of sulfidation of Ni and Mo using different oxide supports as well as the sulfi-
dation conditions applied in the reactor. The XAFS spectra confirms the oxide phase for all catalysts at the beginning of
the sulfidation reaction and their conversion to a sulfidized phase is followed with in situ measurements. Furthermore, it is
found that the monometallic catalysts are less readily sulfidized than bimetallic ones, indicating the importance of Ni-Mo
interactions for catalyst activation. Mo K-edge XAFS spectra did not show any difference related to the support of the catalyst
or the pressure applied during the reaction. Ni K-edge XAFS spectra, however, show a more complete sulfidation of the Ni
species in the catalyst when SiO, is used as a support as compared to the Al,O;. Nevertheless, it is believed that stronger
interactions with Al,O5 support prevent sintering of the catalyst which leads to its stabilization. The results contribute to a
better understanding of how different parameters affect the formation of the active phase of the NiMo catalysts used in the
production of biofuel.
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1 Introduction

The transition from fossil-based fuels to the more sustain-
able production of biofuel is an important step to reach a
net-zero carbon footprint. The amount of greenhouse gas
(GHG) emissions is still increasing worldwide, and the
transport sector stands for a large part of these emissions.
In particular, the aviation and maritime sectors are expected
to increase GHG emissions in the upcoming years [1].
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The replacement of fossil fuels with biofuels is especially
important for aviation, where this sector may be the most
difficult sector to electrify. Traditionally, the production of
fossil-based fuel relies on hydrotreatment processes where
the reduction of sulfur and nitrogen in hydrodesulfuriza-
tion (HDS) and hydrodenitrogenation (HDN) respectively
are important catalytic reactions. The alternative feedstocks,
however, differ in chemical composition from fossil-based
feedstocks, in particular having high oxygen content which
has to be reduced to produce high-quality fuel. Transition
metals such as Pd and Pt have been suggested as potential
catalysts in the catalytic hydrotreatment of biomass, but tran-
sition metals are expensive and highly susceptible to sulfur
poisoning [3]. For the hydrotreatment processes, Molybde-
num (Mo) is a well-established and efficient catalyst and is
widely used in the petrochemical industry [2]. Mo-based
catalysts are also efficient in the hydrodeoxygenation (HDO)
process for biomass [4-7] and so, are promising for this
application as well.
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Traditionally, the precursor of the Mo-based catalyst
is MoO; but during exposure to a sulfur-containing feed-
stock, such as crude oil, the Mo oxide transforms into a
more active Mo sulfide. Today, however, some refineries
are co-feeding fossil-based feedstock with bio-based feed-
stock to produce renewable fuel. The co-feeding with more
oxygen-containing feedstock, such as biomass, changes
the sulfidation conditions in the reactor and may result
in a less active catalyst. Hence, it is desirable to achieve
detailed knowledge about the optimized condition for the
activation process to be able to control and stabilize the
most active phase. The active phase is believed to consist
of single-layer MoS, nanoclusters, whose edges provide
active sites for hydrotreating reactions [8—11]. Further-
more, the transformation into the active MoS, has shown
to be dependent on the oxide structure and oxidation
state of the Mo precursor, and the sulfidation of MoOj is
reported to be more facile as compared to the sulfidation
of Mo species with lower oxidation states such as MoO,
[12]. The active site of the MoS, islands is linked to sulfur
vacancies, which creates reactive coordinated unsaturated
sites (CUS) at the edges of the islands. The number of
active sites per gram Mo can, due to that, be increased
by decreasing the size of the islands, resulting in a more
active catalyst [13, 14].

The size of the MoS, islands is highly dependent on the
interaction with the support, which is, therefore, an impor-
tant parameter when producing the Mo-based catalyst. Al,O;
is the most common support and due to the high surface area,
the y-phase is widely used. An advantage of using alumina
over many other supporting oxides is that the active metal
is well dispersed over the large area of the alumina support
and sintering of the active material is inhibited by the strong
interaction with the support [15]. The alumina is also active
in the hydrocracking of heavy oils, which is an advantage in
some hydrotreatment processes, but it may also contribute
to coke formation. In this study, however, the d-phase of the
Al,O; is used, motivated by the large pores (compared to
the y-phase), which is an advantage when large molecular
complexes, such as biomass compounds, should be upgraded
in the catalytic process [16—18]. For a better understand-
ing of the effect of the support in the sulfidation process,
SiO, support is used for comparison, in this study. To further
improve the catalytic performance, metal promoters can be
added, where Ni and Co are the most commonly used, but
for the HDO process, Ni has been suggested to be the most
efficient promoter [19-23]. The promoters donate electrons
to Mo, which weakens the bond to the sulfur resulting in
more facile CUS formation [20]. The promoting effect of
Ni in Mo catalysts has also been demonstrated in reduction
experiments where Ni lowers the temperature of the Mo®*
to Mo** reduction step [24, 25]. This is clear evidence that
the interaction between Ni and Mo changes the properties
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of the catalysts, and it has previously been shown that the
Ni:Mo ratio affects the activity of the catalyst [20, 26, 27].

X-ray absorption fine structure spectroscopy (XAFS) is
a powerful technique for studying in situ materials char-
acterization over a wide range of conditions [28, 29]. The
technique is performed using hard X-rays and is traditionally
divided into two regions. The region near the absorption
edges (XANES) gives information about oxidation states
and coordination chemistry of the species which can be used
as a chemical fingerprint to identify specific phases. The sec-
ond region is extended X-ray absorption fine structure spec-
troscopy (EXAFS), which makes use of the fine structure far
above the absorption edge and provides information about
the structure of the observed species due to the contributions
of local photoelectron scattering [30-32].

In the present study, we investigate the sulfidation process
of Mo-based catalysts in situ, using Quick- XAFS at the
ROCK beamline at the Soleil synchrotron, which allows for
rapid alternation between two edges. Due to the high tem-
poral resolution using the edge-jumping method, it is pos-
sible to follow the transition from the oxide precursor to the
active sulfide phase while characterizing both the Mo and
the promoter metal. We have acquired XAFS spectra at the
Mo K- and Ni K-edges in situ during sulfidation for a series
of catalysts including pure Mo and Ni, mixed catalysts with
differing Ni:Mo ratios, and NiMo catalysts on both Al,O4
and SiO, supports. We furthermore investigated the influ-
ence of the total gas pressure during sulfidation, as this is
frequently a constraint for in situ measurements.

2 Experimental Methods
2.1 Sample Preparation

Catalyst materials used for this study were prepared using
incipient wetness impregnation of 6-alumina (Al,O5) and
silica (SiO,) supports following procedures from Blomberg
et al. [33]. Surface area of supports has been determined from
nitrogen physisorption using the Brunauer—-Emmett—Teller
(BET) method. BET surface areas of the 8-Al,05 and SiO,
support materials were determined to be 121 m*/g and 250
m?/g respectively. The notations of the prepared samples,
supports used and weight percent (wt%) of Ni and Mo for
each sample are shown in Table 1. Catalysts S1-S3 were pre-
pared by impregnation with an aqueous solution of ammo-
nium heptamolybdate tetrahydrate (H,,Mo0,N¢O,, x4H,0)
which resulted in nominal loading of 8 wt% of elemental
Mo on the support. Following impregnation, the catalysts
were aged at room temperature for 4 h, then dried for 15 h
at 120 °C, and finally calcined for 4 h at 500 °C. Ni was
impregnated onto Mo-containing catalysts using an acidic
aqueous solution containing citric acid monohydrate and
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Table 1 Prepared catalysts with details of the used support, measured metal loading in wt% from EDX, nominal metal loadings, measured Ni/

Mo ratios (at.%) and total pressure used for measurements

Sample Catalyst Support Wt% Ni Wt% Mo Measured Ni/Mo Pressure (bar)
type measured (nominal) measured (nominal) molar ratio

S1 NiMo/3-Al,05 §-Al,04 24 (3.4) 7.0 (8.0) 0.55 10

S2 NiMo/3-Al,05 §-Al,04 24 (3.4) 7.0 (8.0) 0.55 2

S3 NiMo/SiO, Sio, 1.2(3.4) 9.0 (8.0) 0.22 10

S4 NiMo/3-Al,05 8-Al,04 2.7 (6.0) 5.0 (4.9) 0.88 10

S5 Ni/3-Al,05 8-Al,04 8.9(8.4) 0(0.0) - 10

S6 Mo/8-Al,04 §-Al,04 0(0.0) 13 (14) - 10

nickel nitrate hexahydrate (N,NiO4 x H,0) with nominal
loading of 3.4 wt% elemental Ni on the support.

Catalyst S4 was prepared on 8-Al,O5 support using the
same procedure as the first three catalysts with the differ-
ence in wt% of Mo and Ni. Catalyst S5 was prepared using
only an acidic aqueous solution containing citric acid mono-
hydrate and nickel nitrate hexahydrate (N,NiO, x H,O) to
impregnate the 3-Al,05, which resulted in 8.4 wt% nominal
loading of elemental Ni on the support. The same proce-
dure of aging, drying, and calcination was used as for other
catalysts. Finally, catalyst S6 was prepared by impregna-
tion of an aqueous solution of ammonium heptamolybdate
tetrahydrate (H,,Mo;NO,,x4H,0) onto 8-Al,O; support
with the same aging, drying, and calcination procedure as
above, resulting in 14 wt% nominal loading of elemental
Mo. The samples were characterized using energy-dispersive
X-ray spectroscopy (EDX) in scanning transmission electron
microscopy (STEM) mode. Images can be found in a previ-
ous publication [24]. The composition of the NiMo catalyst
supported on SiO, was analyzed using EDX in a scanning
electron microscopy (SEM) instrument. Loadings estimated
from EDX for all catalysts are reported in Table 1.

2.2 In Situ Experiments

XAFS measurements were performed at the ROCK beamline
at Synchrotron SOLEIL in France. Ni K-edge (8332.8 eV)
and Mo K-edge (19,999.5 eV) spectra were measured alter-
nately using the ROCK Quick-XAS [34-37] set up with two
independent monochromators and sets of ion chambers,
allowing rapid jumps between edges. With this setup, we
were able to measure both edges repeatedly with a total cycle
time of the 90 s [34]. The absorption Ni K-edge spectra
were measured using Si(111) and Mo K-edge spectra were
measured using Si(220) monochromator crystals. Mirrors
at a 2.8 mrad grazing incidence were used with B4C and
Pd stripes for harmonic rejection at the Ni K-edge and Mo
K-edge, respectively.

The catalysts were ground to a powder and loaded into
a quartz capillary (1.5 mm in outer diameter with a wall

thickness of 0.01 mm). The spectra were recorded in trans-
mission mode and the temperature was increased at the rate
of 3 °C/min from room temperature (RT) to 400 °C in 10%
H,S/H, (7 mL/min) at 2 and 10 bar total pressure. When
400 °C was reached, the sample was kept in sulfidizing con-
ditions for 2 h before it was cooled down to RT at the rate
of 5 °C/min. Heating was provided by a hot air gun placed
underneath the capillary reactor, a thermocouple used for
temperature measurement was placed in the middle of the
glass capillary, in contact with the catalyst. A mass spec-
trometer (MKS Cirrus) was installed at the outlet of the gas
line to verify flow of the correct gases through the cell and
to record the times at which gas changes occurred. MoO,,
MoO3;, MoS,, NiO and Ni;S, reference materials (>99%)
were pressed into pellets with boron nitride as binder and
measured in transmission at room temperature.

The Larch [38] package was used for XAFS data process-
ing and analysis, and EXAFS fits were performed using the
implementation of IFEFFIT [39] included in this package.

Spectra were fitted using single-scattering paths calcu-
lated for MoO5, MoS,, NiO and Ni,;S, using FEFF9.6. [40]
The k-range was 3-13 A" for all fits and R-ranges were
set to 1-2.0 A and 1-2.1 A for Mo and Ni oxidized states,
respectively and 1-3.4 A for the sulfidized states (Fig. 1).

3 Results and Discussion

3.1 Molybdenum K-Edge XAFS

Figure 2a shows the initial state of Mo-containing catalysts
and references for oxidized Mo compounds, measured in
He before sulfidation. XANES spectra for all catalysts dis-
play a shape characteristic of hexavalent Mo oxidic species
characteristic of non centrosymmetric geometry, as veri-
fied for instance for MoO; (shown) or polymolybdate (not
shown) species [41, 42]. EXAFS spectra show a dominant
oxygen component at~ 1.2 A (without phase correction)
in the Fourier transform (FT). Fit results (Figure S2a, b
and Table S1 in Supplementary information) show similar
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Fig.1 A schematic of the XAFS setup at the beamline ROCK at Soleil. To the right is a photo of the quartz capillary used as a reactor with a

heating gun positioned underneath
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Fig.2 XANES (left) and EXAFS (middle, right, k>-weighting) spec-
tra for the various catalysts acquired before the experiments (in He
at~30 °C) and after sulfidation (in H,S/H, at~300 °C). a Mo K-edge

Mo-O distances, 1.71-1.73 A, for all catalysts consistent
with previous reports [43]. Figure 2b shows the Mo K-edge
spectra measured at 300 °C, which is considered to be the
final state of the Mo-containing catalysts. Between 300
and 400 °C no significant changes could be observed in the
spectra. XANES spectra are similar to MoS, spectra and
FT of EXAFS spectra display for all catalysts a Mo-S first
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spectra before sulfidation. b Mo K-edge spectra after sulfidation.
Gray dashed lines show the positions of characteristic features of
MoO; and MoS, reference spectra

coordination shell contribution and a Mo—Mo component.
No significant difference has been observed for Mo species
on Al,O; and SiO, supports as well as for measurements
performed at different pressures. Spectra from the samples
after sulfidation could be fitted well with Mo—S and Mo-Mo
scattering paths and results are shown in the Supplemen-
tary information in Figure Slc, d and Table S2. Consistent
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Fig.3 XANES (left) and EXAFS (middle, right, k2-weighting) spec-
tra for the various catalysts acquired before the experiments (in He
at~30 °C) and after sulfidation (in H,S/H, at~300 °C). a Ni K-edge

Mo-S and Mo—Mo distances were found for all catalysts,
about 2.42 A and 3.19 A, respectively which agrees with
previously reported distances for MoS, [44, 45]. The fit-
ted coordination numbers and scattering distances for all
catalysts after sulfidation are in agreement with what has
previously been reported for molybdenum sulfide catalysts
on y-Al,O;. [45]

3.2 Nickel K-Edge XAFS

The initial state of Ni-containing catalysts is shown in
Fig. 3a with positions of characteristic features for refer-
ence spectra NiO and Ni;S, indicated with a gray dashed
line. Some variations can be observed in the XANES spec-
tra from different samples at the beginning of the sulfida-
tion process, however, all spectra resemble that of NiO.
The most pronounced difference is observed by comparing
samples S1 and S3, consisting of catalysts with different
supports. The SiO,-supported catalyst (S3) shows a shoul-
der in the rising edge at 8321 eV (Fig. 3a) which is not
common for NiO or observed in other samples. Catalysts
with the highest Ni loading (S4 and S5) show a XANES
peak at the highest energy position and have a more pro-
nounced Ni-Ni component in EXAFS compared to other

k (A1)

8 10 12 14

o
-
N
w
IS
v

R (A)

spectra before sulfidation. b Ni K-edge spectra after sulfidation. Gray
dashed lines show the positions of characteristic features of NiO and
Ni;S, reference spectra

catalysts which is observed in EXAFS spectra (Fig. 3a—
right) at around 2.4 A. Figure 3b shows the final state of
Ni-containing catalysts. At higher temperatures no notice-
able changes could be observed in the spectra. Significant
differences can be observed in XANES for all catalysts of
which the most pronounced is again caused by the effect
of the support. Catalyst S3, supported on SiO,, shows the
greatest similarity to reference Ni;S, spectra with a charac-
teristic shoulder (~ 8326 eV, marked in Fig. 3b) and absence
of the peak at around 8336 eV (marked in Fig. 3b). Again,
catalysts with the highest Ni loading (S4 and S5) show the
most prominent peak (~8336 eV, marked in Fig. 3b) which
might be attributed to the presence of the oxidized state of
the sample and implying a lesser degree of sulfidation than
for other catalysts. EXAFS spectra show Ni-S components
present in all catalysts post sulfidation. Ni K-edge EXAFS
fits are shown in Supplementary Information in Figure S3c,
d. The fit results for Ni-containing catalysts before and after
sulfidation are shown in Supplementary Information in
Table S3 and Table S4, respectively. The most pronounced
peak for measurements at the beginning of the sulfidation
corresponds to the Ni-O path with the distance of 2.02 A,
found by the EXAFS fits for samples S1-S3, and agrees well
with previously reported data [43]. However, inclusion of

@ Springer



Topics in Catalysis

Fig.4 XAFS spectra recorded
for catalyst S1 during sulfida-
tion. Mo and Ni spectra were
measured alternately on the
same catalyst during the same
ramp. For clarity, only every
Sth spectrum is plotted. a Mo
K-edge XANES, b Mo K-edge
EXAFS, ¢ Ni K-edge XANES,
d Ni K-edge EXAFS. Features
used for tracking the temper-
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Ni—Ni scattering path from NiO was necessary for samples
S4 and S5 which indicates presence of significant amounts
of bulk NiO in these samples. Ni-S scattering path was suf-
ficient to fit post-sulfidized spectra giving an average Ni—S
distance of 2.21 A, which agrees with previously reported
Ni-S distances for sulfidized NiMo catalysts [37, 43].

3.3 In Situ Sulfidation

Changes observed in XANES and EXAFS spectra during
temperature increases are consistent with transitions from
oxidized to sulfidized structures for both Mo and Ni species.
Figure 4 shows spectra acquired for catalyst S1, as an exam-
ple of in situ sulfidation. Previous studies [37, 46—49] have
shown that sulfidation follows a multiple-step process with
several intermediates. For simplicity and to allow compari-
son between the different catalysts, we track characteristic
features of the XANES and EXAFS spectra (Figs. 4, 5). For
Mo, we follow the growth of the shoulder at 20012.0 eV in
XANES (Fig. 4a) as well as the magnitude of the Fourier-
transform signal at 1.9 A (Fig. 4b), both of which are asso-
ciated with the formation of the sulfide. For Ni, we track
the XANES intensity at the position of the NiO white line
at 8334.5 eV (Fig. 4c). As the Ni—O and Ni—S components
overlap strongly in the EXAFS Fourier-transform spectra,
the intensity was not a useful quantity; instead, we track the
position of the peak maximum (Fig. 4d).
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The comparison of spectra from different samples during
sulfidation is shown in Fig. 5. The sulfidation of Mo is simi-
lar for all samples except for sample S6 (Mo/Al,O5) which is
sulfidized less readily. Similarly, Fig. 5b shows the magnitude
of the Mo K-edge EXAFS component corresponding to the
Mo-S scattering at 1.9 A.Ttis observed that the sulfidation reac-
tion for all samples happens in two steps and when correlated
with the intensities from XANES, most of the conversion to a
sulfide occurs below 150 °C. EXAFS fits for samples S1-S4
at 200 °C (Table S5 in the Supplementary Information) gave a
coordination number (N) of Mo-S close to 6, Le. the same as
in bulk MoS,, and remains constant with temperature while the
Debye—Waller factor decreases. This indicates that the second
step in sulfidation is not a reaction with sulfur but ordering of
the sulfide species or clusters. The absence of Ni in sample S6,
together with the lesser sulfidation degree of this sample, found
from XANES, corresponds well with the hypothesis that the
addition of Ni promoters lowers the sulfidation temperature [20,
45]. No significant differences are observed in the Mo sulfida-
tion for different supports (samples S1 vs. S3) or different Ni:-Mo
ratios (S1 vs S4), or between sulfidation processes carried out at
different total pressures (S1 vs. S2).

The trends obtained from Ni spectra (Fig. Sc, d) show
much more variability among the catalysts compared to
Mo spectra. The trends for Ni, based on the intensity at
8334.5 eV (Fig. 5¢), show very similar behavior for sam-
ples S1, S2 and S4, the main differences being likely related
to the initial white line intensity. Sample S4, with a higher
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Fig.5 Comparison of spectra
from different samples during
sulfidation. a Plot of the Mo

0.9

K-edge XANES intensity at 081
20012.0 eV. b Magnitude of the
Mo-K-edge EXAFS component 0.7

corresponding to Mo-S scat-
tering. ¢ Plot of the Ni K-edge
XANES intensity at 8334.5 eV,
corresponding approximately
to the white line maximum for
oxidized samples. d Position
of the peak maximum in the
Ni K-edge EXAFS spectrum,
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loading of Ni, is converted to sulfide at a slightly higher tem-
perature as can be seen more clearly by the position of peak
maximum in EXAFS spectrum corresponding to overlapping
Ni—O and Ni-S scattering components (Fig. 5d). This differ-
ence can be attributed to the location of Ni atoms in the sam-
ple, as suggested by Liu et al. [50]. They found that lower Ni
loading and calcination at 500 °C result in surface Ni atoms
with high activity toward sulfidation due to their availability.
However, higher loading of Ni resulted in the embedding of
the Ni atoms into the alumina support possibly causing a
lower tendency for sulfidation reaction [50]. Similar to the
monometallic Mo sample (S6), the monometallic Ni sample
(S5) shows to be much less readily sulfidized compared to
any of the bimetallic catalysts; the sulfidation takes place
nearly 100 °C higher in temperature than what is observed
for S1, for example. This further confirms the importance of
the two metals in facilitating catalyst activation.

In contrast to what is observed for Mo, a big difference in
sulfidation behavior of Ni is observed depending on the sup-
port used (S1 vs S3). Sample S3 with SiO, support is much
more readily sulfidized than sample S1 with 3-Al,0; support
but with the same Ni:Mo ratio. This can be observed from
both XANES and EXAFS trends where a complete conver-
sion occurs before 150 °C for sample S3 while sulfidation
of all the Al,O5-supported catalysts shows an incomplete
sulfidation even at the highest temperatures. This behavior
is indicative of a strong interaction between the oxidized Ni
and the Al,O; support, and possibly even the formation of

Temperature (°C)

the NiAl,O, spinel compound [50-54]. Similar compound
formation does not occur with SiO,. The shift to lower onset
temperature of the sulfidation with increasing amounts of
Mo for Al,O; supported catalysts may also be caused in
part by the latter metal hindering this reaction, although
larger NiO particle size with higher loading (evident in the
2.5 A EXAFS component, Fig. 3a) may also play a role.
In any case, the more facile sulfidization observed for the
Si0,-supported catalyst suggests this may be advantageous
for HDO reactions. However, it has been reported that such
catalysts show lower activity related to the weaker interac-
tions with the support, which fails to prevent sintering [55].
The stronger interaction with the Al,O5 support prevents the
sintering and thus stabilizes the catalyst [18, 20-22].

4 Conclusions

In this work, a series of Ni, Mo and NiMo catalysts were
prepared by incipient wetness impregnation and character-
ized by Quick-XAS during sulfidation reaction in H,S/H,.
The XAFS analysis suggests that all samples have Mo and
Ni species present in oxide phases at the beginning of the
sulfidation reaction. It is found that monometallic samples
are less readily sulfidized than the bimetallic ones, suggest-
ing the importance of Ni-Mo interaction in the activity of
the catalyst, meaning the active phase is formed at lower
temperatures which are of high importance for industrial
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processes. Detailed analysis of Mo K-edge XAFS data revealed
that sulfidation evolves in two steps, where most of the oxide
is converted into sulfide below 150 °C. No significant differ-
ence was observed in the Mo K-edge spectra measured at NiMo
catalysts with different supports. Ni K-edge spectra show similar
behavior for samples supported on 8-Al,O; with a small dif-
ference based on the Ni loading—higher loading resulted in
a slightly lower degree of sulfidation than lower loading, sug-
gesting possible embedding of Ni to the support due to strong
interactions. Furthermore, higher Ni loading may result in the
formation of larger Ni particles that are harder to sulfidize. The
catalyst supported on SiO, seemingly showed a higher tendency
for the sulfidation reaction based on Ni K-edge spectra which
may be advantageous for HDO reactions. Nevertheless, the
strong interaction with Al,O; support is more promising since
it prevents sintering and thus stabilizes the catalyst.

The results demonstrate the effect of different parameters
on sulfidation, especially the importance of NiMo inter-
actions for these industrial processes due to the different
behavior during sulfidation compared to monometallic cata-
lysts. Therefore, these results are contributing to the under-
standing of the formation of the active sites which should
be considered when producing future Mo-based catalysts.
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