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The hydrogenation activity and physico-chemical characterization of a series of NiMo catalyst supported on
materials with different acid-base properties (AlyOs3, layered double hydroxides-derived MgAl oxides and MgO)
have been investigated. The results show a clear correlation between the electrodonor capacity of the support,
the negative charge density of the supported NiMo oxides and the intrinsic hydrogenation rate of the sulfided
phase. Spectroscopic characterization ruled out any possible contribution derived from differences in the NiMoSy
stack or slab size distributions, as determined by high-resolution transmission electron microscopy. The exper-

imental results obtained suggest the occurrence of an electron transfer phenomena from the support to the
supported NiMoS; slabs, being this effect stronger for supports with higher electrodonor capacity.
This work presents a specific electronic support effect that goes beyond the classical dispersing and stabilizing

role.

1. Introduction

Transition metal (TM) based catalysts are a unique class able to
perform hydrogenation and heteroatom removal reactions in the pres-
ence of sulfur. Continuous research and development has allowed
improving their catalytic performance in order to meet the continuously
increasing environmental regulations on S and N content of fuels. Metal
promotion by Ni or Co has been one of the most important findings that
allowed bringing the TMs catalysts to a higher level of efficiency [1,2].
The cause behind the Ni or Co promotion effect is still nowadays a
matter of controversy. The most commonly accepted explanation pro-
posed that the promotional effect of Ni (or Co) on the activity of MoSy
arises from the interaction between the 4d electrons of Mo atoms and the
3d electrons of the second metal [3-7], Ni or Co. This interaction would
occur through an electronic transfer between the promoting metals and
the MoS,. As a result the 4d orbitals of Mo atoms would be filled with
additional electrons favoring the formation of vacancies on the MoS,,
where aromatic or sulfur containing compounds would be adsorbed and
activated.

Since the discovery of TMs catalysts, different models have been
proposed to understand, explain and correlate their catalytic
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performance on basis of their physico-chemical properties. First models
such as the “monolayer” [8], the “pseudointercalation” [9,10] or the
“contact synergy” model [11] are nowadays already discarded. Yet, they
set up the basis for the development of more complex models such as the
RIM-EDGE model proposed by Chianelli et al. in the 80 s [12]. This
model is one of the most commonly accepted and nowadays it is still
employed to interpret catalytic results [13-15]. According to the au-
thors, active sites (RIM sites) capable of catalyzing hydrodesulfuration
(HDS) as well as hydrogenation (HYD) reactions are located exclusively
at the edge and corner positions of single MoS; slabs. Upon stacking,
MoS; slabs located in interlaminar positions catalyze uniquely hydro-
desulfurization reactions by the direct desulfurization path (DDS). The
slabs with one of their MoS; basal plane exposed to reactant molecules
would hold the so-called RIM sites capable of hydrogenating reactions.

Later on, the group of Topsoe proposed the “edge decoration” model
based on the first experimental evidence of a specific CoMo sulfided
phase characterized by Emission Mossbauer spectroscopy [16-18].
HR-TEM measurements allowed confirming the presence of Co deco-
rating the MoS; edges [19]. In addition, a correlation between HDS
activity and the number of these edge CoMo-S sites was demonstrated
[17]. Additional studies by this research group allowed differentiating
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between two different Co(or Ni)Mo sites, so called type I and type II,
found in monolayered MoS; and multilayered MoS; structures, respec-
tively [20]. Each type of sites exhibited different HDS activity, which the
authors postulated to be related to undefined structural or electronic
effects induced by the support. The actual structure of a single MoS,
layer was showed by a series of impressive and inspiring STM (scanning
tunnel microscopy) images of MoS, supported on a gold grid [21] and
later also on graphite or TiOy [22,23].

Despite the significant advances of the last years, the complete pic-
ture of TMs catalysts remains nowadays still unclear. For instance, there
is no agreement in the literature about the most convenient NiMo-S
phase (I or II) in terms of catalytic activity. The type I phase is less
active but better dispersed than type II. Therefore, a priori, it cannot be
stated whether phase I or II will achieve the optimum catalytic activity
on a given support. Moreover, CoMo and NiMo hydrotreatment catalysts
have been described as dynamic systems that interact and adapt them-
selves to the evolving reaction environment [24]. The active sites will
be, therefore, in continuous evolution, and will interact with the reac-
tant molecules according to their specific state in each moment. On the
other hand, sulfided phases are normally described as type I or type II
depending on the stacking degree observed by HR-TEM, and density
functional theory (DFT) studies have shown the importance of active site
accessibility in multilayer unsupported NiMoS; when converting bulky
substrates such as 4,6-DMDBT [25].

In contrast with this general assumption, Eijsbouts et al. [26]
observed that a typical type II (NiMo) commercial catalyst sulfided in
the liquid phase did not show the typically stacked morphology reported
for these MoS; phase. Therefore, the authors proposed that the stacked
structure generally ascribed to the type II Ni(or Co)Mo-S phase may not
be a specific feature but a circumstantial one due to the low interaction
of MoS, with the support in combination with a severe sulfidation
procedure.

As commonly agreed in the literature, the catalytic activity of TM
catalysts results from a complex interrelation between different effects
related to the support (surface area, metal-support interaction), the
metal promotion (nature of the metal promoters, efficiency of edge
decoration vs phase segregation), the nature of the MoS, phase (type I vs
11, slab size, stacking...) and, of course, the preparation and activation
procedures. Many different materials (TiOp, AlyO3, SiOs, SiO2Al503,
MgO, mixed oxides, activated carbon...) and metal promoters (Ni, Co,
Cu, Fe,....) have been tested for developing (NiCo promoted) Mo/W
hydrotreating catalyst [27-32]. The results obtained cannot always be
explained merely on the basis of metal promotion, type and/or disper-
sion of the metal sulfided phase (I vs II) formed. This suggests that there
are additional effects playing an important role in the catalytic perfor-
mance of TMs catalysts. Therefore, although initially the support of TMs
catalysts was considered as a dispersing and stabilizing agent of the
sulfided phase, unexplained results are often (unsatisfactory) ascribed to
undefined support effects on the metal-sulfided active phase [33].

MgO [34-39] and Al,0sMgO mixed oxides [40-44] have been
investigated as alternative to the traditional Al;03 support for CoMo- or
NiMo-based HDS catalysts. In general, it is reported that the basicity of
these materials increases the dispersion and stabilization of the NiMo-S
phase and limits the formation of coke during the reaction. Yet, it has
been observed on NiMo catalyst that the strong metal support interac-
tion leads to the formation of NiO-MgO and NiO-Al,O3 solid solutions
which reduces the promoting effect of Ni [40,42]. Rana et al. [41]
investigated the use of CoMo/MgOAl;O3 catalysts for (mild) hydro-
treating of heavy feeds with promising results. The strong metal support
interaction was partially avoided by using different chelating agents
during the metal incorporation procedure. The authors reported better
catalytic performance for catalysts with higher MgO content. This effect
has been attributed to an increase of pore diameter of the support and to
a decreased coking tendency of the catalysts due to the presence of MgO
in the support material. Yet, remarkable differences regarding the
dispersion of the sulfided phase (stacking, slab length) were also
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observed. Therefore, additional effects playing a role in the catalytic
performance of these catalysts could not be discarded.

The potential influence of basic supports such as MgO or MgOAl,0s3,
has only been discussed in terms of dispersion of the NiMo-S phase or
loss of metal promotion due to the formation of solid solutions. How-
ever, considering that the promotional effect of Ni (or Co) on the MoS,
slabs is based, as mentioned before, on an electron transfer mechanism,
one may consider that the electrodonor capacity of basic materials may
also play a role in the catalytic performance of the supported NiMo-S
phase.

With the purpose of getting some insights over possible support ef-
fects (beyond the dispersing one) on the NiMo-S phase, the physico-
chemical properties and hydrogenation activity of a series of catalysts
supported on a series of materials of increasing basicity (Al,O3, MgAl-
LDHs and MgO) have been investigated.

2. Experimental
2.1. Synthesis of layered MgAl hydroxides

MgAl LDH have been prepared by a co-precipitation method as
described by Climent et al. [45]. The nitrates of Al and Mg were dis-
solved in milliQ-water. The resulting mixture was then added to an
alkaline solution containing anhydrous sodium carbonate and sodium
hydroxide using a syringe pump at a speed of 1 ml min~! at room
temperature. After aging for 18 h at room temperature, the solution was
filtered and washed until pH of the washing waters was 7.0. The ob-
tained (wet) solid was dried in an oven at 60 °C overnight.

Following the procedure described above, three different MgAl LDH
samples have been prepared with AI**/(AI3*+Mg?™) ratios of 0.20, 0.25
and 0.33. For the sake of simplicity the samples have been labeled as
MA20, MA25 and MA33, respectively.

2.2. Catalysts preparation

NiMo/MAX (X =20, 25 or 33, see former section) catalysts have been
prepared by impregnation of the non calcined LDH materials following
the well-known 2-step sequential incipient wetness impregnation pro-
cedure. Ammonium heptamolybdate (AHM) and nickel nitrate (NN) in
aqueous solutions were used as Mo and Ni source.

After impregnation with AHM, the sample was aged in a desiccator
overnight and dried at 100 °C overnight. The resulting solid was
impregnated with NN, and calcined at 500 °C for six hours. The samples
have been labeled as xNiyMo/LDH, where x and y indicate the content of
the Ni and Mo oxides, respectively (as wt%), and LDH is the corre-
sponding LDH precursor.

Alumina- and MgO-based catalysts have been prepared following the
same methodology and labeled as xNiyMo/Al,03 and xNiyMo/MgO,
respectively.

2.3. Characterization techniques

Specific surface areas were determined in a Micromeritics ASAP
2000 equipment by means of nitrogen adsorption at 77 K and applying
the BET-method. Prior to the adsorption measurements, the samples
were degassed at 450 °C for 24 h.

The chemical composition of the catalysts was determined by means
of a 715-ES inductively coupled plasma (ICP) Optical Emission spec-
trometer, after dissolution of the solids in a HNO3/HF solution.

The structure of the solids was confirmed by powder X-ray diffrac-
tion (XRD) using a Philips X'Pert diffractometer equipped with a
graphite monochromator, operating at 40 kV and 45 mA and using
nickel-filtered Cu Ko radiation (A = 0.1542).

HR-TEM micrographs of the sulfided catalyst were recorded in a FEI-
TECNAI G2 microscope system with an operating voltage of 200 kV.
Catalysts were sulfided ex-situ prior to the TEM measurement. Although
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exposition to air could not be completely avoided (loading of samples
into the HR-TEM cell), it was reduced as much as possible by cooling
down the sulfided samples to room temperature (in HoS atmosphere)
and transferring them into the dispersing media (methanol) under inert
atmosphere prior to HR-TEM measurement.

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed on a SPECS spectrometer with a MCD-9 detector and using a non
monochromatic AlKa (1486.6 eV) X-ray source. Spectra were recorded
using analyzer pass energy of 50 V, an X-ray power of 200 W and under
an operating pressure of 10-9 mbar. Spectra treatment has been per-
formed using the CASA software. Binding energies (BE) were referenced
to Cls at 284.5 eV.

2.4. Reaction tests

2.4.1. Knoevenagel condensation

Knoevenagel condensation has been used as a test reaction for
measuring the basicity of the support materials. The tests have been
carried out employing benzaldehyde (10 mmol, BZ), and ethyl cyanoa-
cetate (10 mmol, ECA). The reactant mixture was magnetically stirred
under nitrogen atmosphere, while heating up to the reaction tempera-
ture (60 °C) in an in house built batch reaction system. Then, 4% (wt/
wt) of hydrotalcite catalysts was added and the reaction started. Samples
were taken periodically, and the evolution of the reaction was followed
by taking samples at different reaction times and analyzing the products
by gas chromatography. The basicity has been evaluated as the initial
reaction rate, obtained from the conversion vs reaction time curve for
conversion levels below 15%.

2.4.2. Hydrogenation of 1-methylnaphthalene

Hydrotreating tests with a model feed were performed in a fixed-bed
stainless-steel tubular reactor having a 1/4 in. i.d and 20 cm length. The
model feed was composed of 10 wt% of 1-methylnaphthalene (1-MN), 2
wt% of dimethyldisulfide (DMDS), 500 ppm of dibenzothiophene (DBT)
and normal heptane (n-C7) 87.95%. The additive DMDS was aimed to
decomposes quickly to give HjS, allowing in this way a simulation of the
experimental conditions with industrial HDS feeds (2-3 wt% H,S) and
preventing the reduction of the metal sulfides with TOS. The reactor was
charged with 0.5 g (otherwise indicated) of catalyst with a particle size
of 0.2 to 0.4 mm diameter and diluted with SiC up to a 3:1 (SiC to cat)
volume ratio. Gaseous reactants (Ho, Ar and H,S) were fed into the
system by means of mass flow meters via the vaporizer. The liquid model
mixture was fed by a HPLC pump to the vaporizer. The design of the
vaporizer and its operating temperature (300 °C) were critical in
establishing a steady (non pulsing) flow of reactants to the reactor.

Prior to the catalytic test, unless otherwise indicated, the catalyst
was pre-sulfided in situ at 5 bar and 400 °C in a HyS/Hz (10 vol% H,S,
200 ml/min) stream for 4 h. The reaction conditions were 30 bar,
350 °C, LHSV of 0.125 h™! and a Hy/feed ratio of 1000 Nm>/m?. During
reaction, the effluent stream was analyzed on line at intervals of 30 min
in a Varian 3400 equipped with a Factor Four™ column and thermal
conductivity and flame ionization detectors (TCD and FID, respectively).
Argon was employed as internal reference allowing an accurate quan-
tification of the amount and distribution of reaction products. Identifi-
cation of reaction products was performed by GC employing a HP6890N
with a HP5MS column (30 m) coupled with a HP5973 mass selective
detector.

3. Results and discussion
3.1. Catalyst characterization

A series of NiMo catalysts were prepared employing as support a
variety of materials within a wide range of acid-base properties: two

different types of Al,O3, three MgAl LDH’s with different Mg/Al ratio,
and MgO. Ni and Mo were incorporated on each of the support materials
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following conventional aqueous impregnation procedure as described in
the experimental section. Table 1 shows the different catalyst prepared
and their main physico-chemical properties, including metal loadings,
Ni/Mo atomic ratios and textural properties of the calcined samples.
Despite the much higher BET surface area of the parent TM-free MgO
support (see Table 1, values in brackets) after metal incorporation and
calcination the specific surface area decreases to values intermediates as
compared to the two different aluminas and the LDH’s, whose textural
propertied are preserved in a larger extend after TM loading.

As can be seen, LDH-based catalysts were loaded with ~ 20 wt% of
Mo and maintaining a Ni/Mo atomic ratio of 0.6. Two Al,Os-based
catalysts (regular y-Al,Os and high surface area alumina) were also
prepared following what is commonly reported in the open literature as
the optimum Mo loading and Ni/Mo ratio [2], i.e., 3Ni12Mo/A1203,
3Ni12Mo/A1203-HS. A third alumina-based catalyst, 5Ni%°Mo/ Al,O3-HS,
has been loaded with similar amounts of Mo and Ni as compared to the
LDH-based catalysts. This sample, although not optimized, is very
similar in terms of textural properties and metal loading to the catalysts
supported on LDH, and has been prepared for comparison purposes.
Finally, a MgO-based catalyst, >Ni'2/MgO, has been prepared mimicking
the procedure and the Ni and Mo loadings reported for Al,O3.

The basicity of the different support materials was evaluated by
means of the Knoevenagel test reaction as described in the experimental
section. According to the results, enclosed in Table 1, MgO is the most
basic support, followed by the LDH-derived MgAl oxides (MA20 >
MA25 > MAS33, in good agreement with their Mg content) and the
alumina (Al,03-HS > Al,03). After the Mo and Ni incorporation, the
basicity of each material decreased noticeably but the trend observed
was the same.

The properties of the different catalyst in their sulfided form were
investigated by different spectroscopic techniques. Firstly, the NiMo-S
phase of the different catalysts was characterized by high resolution
transmission electron microscopy (HR-TEM). It is well known that MoSz
slabs can adopt a flat-wise or edge-on orientation with respect to the
support (see Scheme 1). Unfortunately, only the edge planes of the
laminar MoS; clusters oriented in line with or slightly tilted from the
electron beam are visible by HR-TEM. Therefore, strictly speaking, this
technique provides uniquely a partial picture of the MoSy phase
analyzed [46]. The contact of the sulfided samples with air, although
kept at minimum, could not be completely avoided. The studies of the
detrimental effect of air exposure on MoS; slabs have been reported in
the literature by Kooyman et al. [47]. According to the authors, samples
obtained by gas phase sulfidation (H»S) do not show significant changes
on the morphology and distribution of MoS, slab size after air exposure

Table 1

Main physico-chemical characterization of the different NiMo catalyst.

Sample NiO MoO3 Ni/ BET surface Pore Support
(wt (Wt%) Mo Area (m?/g) volume basicity
%) (at/ (cc/g) @

at)

Nil’Mo/ 3.4 12.7 0.51 153.8 (594.7)  0.67 1.50

MgO

°Ni'®Mo/ 6.4 19.0 0.65  260.7 (263.5)  0.51 1.13

MA20

5Nil®Mo/ 5.3 19.0 0.54  249.3 (259.3) 0.60 0.66

MA25

°Ni'®Mo/ 5.2 18.7 0.54  264.7 (270.2) 0.60 0.33

MA33

3Ni'?Mo/ 3.0 12.0 0.49 114.2 (146.1) 0.29 0.17

Al,03

Nil’Mo/  3-0 12.2 0.47  239.3(230.2)  0.51 0.28

Al,O5-

HS

*Ni*Mo/ 5.2 20.0 0.50  232.7 (230.2) 0.49 0.28

Al,05-

HS

@ Basicity as evaluated by the Knoevenagel test (mol/g/min-10-2)
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Scheme 1. Schematic representation of the HR-TEM picture and the main parameters determined.

(24 h). Therefore, the relatively large (Ni)MoS; slab sizes obtained for
our series of samples and the short exposure to air allows discarding any
significant effect due to reoxidation of NiMoS, during their loading in
the HR-TEM measurement cell. Moreover, and despite the well-known
limitations, there are many examples in the literature proving that
TEM is, in many cases, a useful technique for describing sulfided TMs
phases, providing good correlations with their catalytic activities [13].

Representative HR-TEM pictures of each catalyst are included in
Fig. 1. As can be seen there at eyes sight, only the catalyst °Ni'*Mo/MgO
presents clear differences as compared to the rest. Mainly single, long
MoS; slabs can be found on the catalyst surface, and (Ni)MoS; stacks are
hardly seen, in good agreement with previous results on MgO-based
catalyst [34]. Al,O3- and LDH-based catalysts present single MoS;
slabs as well as MoS; stacks of several slabs. In order to perform a proper
comparison between the different samples, the slab and stack size dis-
tributions have been obtained for each catalyst based on particle pop-
ulations of 1000-1200. The results are included in Fig. 2.

As can be seen, MgO-based catalyst presents a relatively wide and left
tailored NiMoS; slab size distribution with a maximum at ca 2.5 nm.
Stacking does not take place at a significant extent and most of the
NiMoS; phase is present as single NiMoS; slabs. Alumina-based catalysts
loaded with the same Ni and Mo loadings as MgO show a narrower slab
size distribution, especially the 3Nileo/A1203-HS catalyst but, besides
single slabs, a higher stacking degree is observed for these two samples,
intermediate between that of the MgO- and LDH-based catalysts. For
metal loadings above the optimal one, 5Ni2°Mo/Al,05-HS shows a sig-
nificant widening and shifting of the NiMoS; slab size distributions to-
wards bigger sizes as compared to 3Ni'?Mo/Al,05-HS. Yet, the stacking
degree remains similar to that of alumina-based catalyst with lower
metal content.

LDH-based catalysts present a NiMoS slab size distribution slightly
narrowed and shifted toward smaller sizes as compared to >Ni'?Mo/
MgO. The most significant difference among the MgO-based catalyst and
the LDH-based ones is the stacking degree of the NiMo-S phase, much
higher for the latter ones.

On the basis of the slab size distributions, the average slab size (L),
the stacking degree (Stk) and the average size of the stacks (N, the
average number of slabs per stack) has been determined (see Scheme 1).
As Fig. 2 suggested, alumina-based catalysts presents the smallest
average slab size (L) followed by the LDH-based catalyst (all of them
showing a similar slab size between 3.3 and 3.6 nm). Catalyst >Ni'?Mo/
MgO presents the biggest average NiMoS; slab size of this series of
catalysts. MgO- and alumina-based catalysts, in this order, presented the
lowest stacking degree. The LDH-based catalysts, despite having similar
textural properties as the Al,Os-based samples, present a significantly
higher stacking degree than the former two, varying from 40% up to
55%.

The results obtained with the series of AlyO3-based catalysts show
that the surface area and metal loading have an effect on the dispersion
of the NiMo-S phase. In addition, the comparison of the former with the
LDH and MgO-based catalysts shows that, besides the textural
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properties, the nature of the support has also a significant impact on the
dispersion of the sulfided phase. This indicates that the metal support
interaction is different for MgO, LDH or AlyOs-based catalysts. There-
fore, in order to get insights on this effect and to obtain experimental
evidences, some representative samples of this series have been inves-
tigated by X-ray Photoelectron Spectroscopy (XPS).

Figs. 3 and 4 show the Ni 2p3,» and Mo 3ds,2 components of the Ni
and Mo supported oxides, respectively, for the MgAI(LDH)-, Al,O3-, and
MgO-based catalysts in their calcined form. Deconvolution of each
component has been carried out by means of the CASA software (ver.
2.3.16Dev52) in order to identify the different species contributing to
the overall bands observed.

The Ni 2p3,5 component of LDH-based catalyst is centered at binding
energies (BE) of ca 857 eV, as can be seen in Fig. 3. This Ni component
has been resolved in two bands attributed to the spin-splitting of Ni 2ps,
2. The broad peak at higher BE values (ca 864-865 eV) corresponds to
the envelopes of the corresponding shakeup satellites. The band
centered at 855.8-856.2 eV (depending of the sample) can be ascribed
to Ni(Aly04), NizOs, NiO or NiMoO4 [48-50]. According to the litera-
ture, the high symmetry of this peak and the shakeup satellite structure
at ca 862 eV allows discarding the presence of NipO3 [49]. On the other
hand, the second band at ca 856.7-857 eV (Ni 2p3/ 2y can be assigned to
NiAl;04 [51]. Thus, according to the XPS spectra, NiO, NiMoO4 and
NiAl,04 are present on the surface of the calcined LDH-based catalysts.

Fig. 3 shows the XPS spectra of the Mo3d component for the different
catalysts. Two bands centered at BE of ca 229.3 eV (Mo3ds,2) and ca
231 + 1 eV(Mo3d3,2) have been assigned. The first band corresponds to
isolated MoOQy4 species, Mo4O1; [52] or MoOx [52,53], and the later
corresponds to NiMoO4 and MoOs [48,49].

The XPS spectrum of NiMo/Al,O3-HS catalyst is included in Fig. 4a
and -b for the Ni and Mo component, respectively. NiMo/Al,03-HS
presents two different contributions to the Ni2p3/2 component. Ac-
cording to the BE values, 856.7 and 857.4 eV, and peak width, these XPS
bands can be attributed to NiO and/or NiMoO4 and NiAl;O4, respec-
tively [48-51]. On the other hand, the Mo 3d component presents a
single contribution. The BE value and peak width (232.6 eV and 2.4,
respectively) indicates the presence of MoOgs [48,49].

Finally, the XPS spectra of the NiMo/MgO catalyst are included in
Fig. 4. As can be seen, the Ni2p component (Fig. 4c) shows two different
contributions. According to the BE values [48], the Ni species can be
ascribed to NiO and/or NiMoO4 (855.3 V) and Ni® (852.2 eV). On the
other hand, the Mo 3d (Fig. 4d) presents a unique contribution at
232.2 eV which is ascribed to MoO3 [48,49].

The results of the deconvoluted spectrum are summarized in Table 2.
As can be seen, the BE values found for the different Ni and Mo species
on the NiMo/Al;O3-HS catalyst are slightly shifted towards higher
values as compared to those of the LDH-based catalysts. On the other
hand, catalyst NiMo/MgO presents for the Ni component (NiO and/or
NiMoQOy), a BE value around — 0.5 eV lower than that of the LDH-
derived catalysts.

It is also interesting to notice that for the catalysts containing Al, the
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5Ni*°Mo/MA20

Fig. 1. HR-TEM micrographs of the different NiMo supported catalysts.
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Table 2
Binding energies of MgO-, LDH-, and Al,O3-based catalysts in their oxidic form.

Sample Mo 3ds,, BE (FWHM, %)  Ni 2ps/, BE (FWHM, %)
MoOx MoO3 Ni® NiO/ NiAlL,O,4
NiMoO,
3Ni'?Mo/ - 232.2 852.2 855.3(3.0, -
MgO 2.2, (3.0 62.1%)
100%) 37.9%)
5Ni°Mo/ 229.3 230.3 - 855.8 (2.5, 856.7 (3.0,
MA20 2.2, (2.4, 17.7%) 85.3%)
68.5%) 31.5%)
5Ni°Mo/ 229.3 231.1 - 855.9 (2.5, 856.9 (3.0,
MA25 2.2, (2.4, 38.2%) 61.8%)
84.9) 15.1%)
Ni'°Mo/ 229.5 232.2 - 856.2 (2.6, 857.0 (3.0,
MA33 2.2, (2.4, 60.8%) 39.2%)
91.8%) 8.2%)
3Ni'2Mo/ - 232.6 - 856.7 (2.5, 857.4 (3.0,
Al,03-HS (2.4, 88.9) 11.1%)
100%)

6Ni®Mo/MA33
6Ni®Mo/MA33
7 et
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G I 6Ni®Mo/MA25
= 6Ni°Mo/MA25 >
e B
g g
£ =
& 3
z o M
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850 8&|'>5 8é0 8(|55 87C 226 2é8 21;)0 252 21;4 256 258 24C
BE (eV) BE (eV)

Fig. 3. XPS spectrum of the Ni 2p3,, component (left side) and Mo 3ds/s
components (right side) for the MgAl-based catalyst with different Mg to Al
ratio in their calcined form.
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Fig. 4. XPS spectrum of the Ni 2p3/2 (left side) and Mo 3ds,, (right side)

components for the ®Ni'?Mo/Al,05-HS (upper side, a, b) and Ni'*Mo/MgO
(lower side, c,d) catalysts in their calcined form.
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contribution of NiAl;04 to the Ni 2ps3,» component increases with the
Mg content. Thus, the XPS results suggest that the presence of Mg favors
the reaction between Al and Ni to form NiAl;Oy4.

The shifting of BE values observed may indicate changes in the
electronic density of the Ni and Mo oxide particles on the different NiMo
catalysts. Yet, there can be other effects, as for instance, change in
particle size and/or final relaxation effects, contributing to the observed
BE values of the different components [54-56]. In order to identify the
possible contribution of these final state effects and to evaluate properly
the shifting of BE observed for this series of catalysts, the auger
parameter (o) has been calculated. This parameter allows evaluating the
particle charge (as compared to a reference sample) independently of
final state effects.

The Ni auger parameter can be calculated as indicated in Eq. (1).

@

where BE(Ni) is the binding energy of the Ni 2p3/» electrons and KE(Ni)
is the kinetic energy of the Ni Auger electrons. Combining the Auger
parameter with the binding energy values obtained for a given specie,
initial state contributions (Ae = &gample - Ereference) €an be obtained by
comparison with a reference sample, as indicated in Eq. (2).

« = BE (Ni) + KE(Ni)

Ae = ABE + (Aa/2) 2

For these calculations, the AlyOs-based catalyst has been taken as
reference sample. Thus, the charge of NiO/NiMoOy4 particles has been
referred to the particle charge of catalyst NiMo/Al»O3, and the results
obtained are included in Table 3.

As can be seen there, NiO/NiMoOy particles for all three LDH-and
MgO-based catalysts present a negative charge as compared to those
of the NiMo/Al,03-HS catalyst. Within the LDH-catalyst series, the
negative charge of the NiO/NiMoO, particles increases with the Mg
content of the support of the catalyst or, in other words, with increasing
the basicity of the support. Indeed, NiMo/MgO catalyst, holding the
strongest basic sites according to the Knoevenagel reaction tests, shows
the most negative particle charge value of this series of catalyst. This can

Table 3
Ni Auger parameter calculated for the Ni2p;,, component assigned to NiO/
NiMOO4.

Sample KE (Ni) BE Ni (eV) (eV) (eV)
3Ni'?Mo/Al,03 833.98 860.4 1694.4 0 (ref)
Ni'°Mo/MA33 841.00 858.0 1699.0 -0.13
Ni'°Mo/MA25 841.07 858.0 1699.0 -0.15
®Ni'°Mo/MA20 841.29 857.6 1698.9 -0.63
3Ni'?Mo/MgO 833.70 860.0 1693.7 -0.77
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Fig. 5. Relative particle charge of NiO/NiMoO, (reference NiMo/Al,O3-HS catalyst) as function of the relative basicity (to MgO) of the support of the corre-

sponding catalysts.

be clearly seen in Fig. 5 where the particle charge of NiO/NiMoOg4
(relative to NiMo/Al»03) is plotted as a function of the basicity relative
to MgO of each of the catalysts. Almost a linear correlation between both
parameters is obtained. Despite the fact that Mo Auger cannot be
properly measured, the shifting of the BE of Mo 3d towards lower values
with increasing basicity of the corresponding support suggest a similar
effect for MoOgs supported particles.

3.2. Catalytic test: hydrogenation of 1-methylnaphthalene

The different catalysts of this series have been evaluated for the
hydrogenation of a model feed containing 1-methylnaphthalene (1-MN)
and dibenzothiophene (DBT) solved in normal heptane (see experi-
mental). The activity test were carried out at 350 °C, 30 bar pressure, G/
L= 1000 Nm?/m? as described in Section 2.4.

Fig. 6 shows the hydrogenation rates of 1-MN for the different cat-
alysts. It can be seen that catalysts *Ni2°Mo/MA20, Ni2®Mo,/Al,03-HS
and 3Nileo/A1203-HS are the most active ones followed by 5Ni2’Mo/
MA25, °>Ni'’Mo/MgO, SNi?®Mo/MA33 and °Ni'’Mo/Al,05. As

mentioned in the introduction, differences in catalytic activity can be
ascribed to different catalyst features such as metal loading, dispersion
of the sulfided phase or effective mixing of the Ni and Mo phase.
Therefore, in order to rule out the effect of metal loading and the
dispersion of NiMo-S phase, the intrinsic activity for each catalyst has
been estimated on the basis of the HR-TEM distribution and the metal
loading of each catalyst.

(Ni)MoS; slabs are structure-sensitive and the different catalytic
functions, namely hydrogenation (HYD) and hydrodesulfurization
(HDS, DDS or HyDS) occur on different sites. As commonly agreed in the
literature, the sites of particular importance for HYD and HDS (pro-
moted or not) are located at edge positions while those of the basal plane
are relatively inert [57-60]. Therefore, we have considered that only the
Mo atoms located at the edge and corner positions (in single slabs) are
active for the hydrogenation and desulfurization reactions. On the other
hand, single MoS; slabs have been described employing different ge-
ometries as, for instance, chain-like, triangular, hexagonal or rhombo-
hedric [61]. Topsge and coworkers [62] showed, on an atom resolved
scale, by high-resolution scanning tunneling microscopy (STM) in

5.0
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Fig. 6. 1-MN hydrogenation rate for the different NiMo catalysts at 350 °C, 30 bar, G/L= 1000 and LHSV of 0.125 h™..
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combination with density-functional theory (DFT), that NiMoS2 pre-
sents a hexagonal geometry.

Taking into account the above preliminary considerations, the
amount of active (Ni)Mo atoms has been estimated from the following
four hypothesis (see Scheme 2): 1) All the MoS, slabs present a hexag-
onal geometry. 2) In a single slab, only the Mo located at edge and corner
positions are active for the hydrogenation or desulfurization reactions.
Those contained in the basal plane of the slab do not catalyze any of the
two reactions. 3) The hexagonal geometry is regular and therefore can
be described by a geometrical model accordingly. Then, following the
model of Kasztelan et al. [61], Mo atoms in a single hexagonal MoS; slab
are mathematically described as described in Eqgs. (3)-(5) (see Scheme
2). and 4) The Mo active sites for hydrogenation are located only in slabs
holding MoS; basal planes in contact with the reactant molecules. Thus,
in MoS; stacks, the amount of active sites has to be corrected according
to the average number of slabs forming the stack (see Egs. (6)-(8) and
Scheme 1).

Basalnio = ny? + 2np.np- 5n5-3m+6 ny, np>2 3
Edgenio = 3n+3np-12 4)
ComerM 0=6 (5)

where n; and n, are the number of Mo ions in the different sides of a
single slab [61].

L2k ©®)
nr
Stack
> L
Stk = Single slab (7)
L;
P;
=) —.N, 8
—~100 ®

where L is the length of a single slab and P; is the percentage of stacks
formed by i slabs.

On basis of the average NiMoS; slab size and stack distribution and
the four working hypotheses, the amount of Mo atoms in RIM (™Mo
active for hydrogenating reactions) and edge positions (active for direct
desulfurization) have been calculated for each of the catalyst (see Eqgs.
(9) and (10)). The results are included in Table 4.

%RIM - %RIMS[ngle slabs + %RIMSzackx (9)

slabs

of i
%Edge = (%Edge + Corner)-(100 — Stk) + (%Edge + Corner)-Stk/N  (10)

As can be seen, the catalysts with higher proportion of Mo atoms in
RIM position are, in this order, the NiMo/Al,0O3 and NiMo/MgO. Thus,
despite the fact that the MoSy slabs are, on average basis, larger on
NiMo/MgO as compared to the rest of catalysts, the low stacking degree
compensates the high proportion of Mo atoms in MoS; basal planes by

Catalysis Today 382 (2021) 130-141

Table 4
Results of the HR-TEM analysis of slab and stack size distribution and calculation
of ®™Mo and B48°Mo for each catalyst.

Sample Mo HR-TEM results Proportion of mmol™Mo /
Mo active gcAT-loz
sites

wt L Stk N % %

% (m) (%) RIM  Edge
3Ni'2Mo/ 12.7 3.7 7.1 2.0 82 0.1 8.2
MgO
SNi'*Mo/ 19.0 3.6 40.3 2.6 65 28 8.6
MA20
5Ni'°Mo/ 19.0 3.4 512 2.3 6.7 28 8.8
MA25
Ni'°Mo/ 18.7 3.3 55.5 2.4 6.6 3.3 8.8
MA33
3Ni'?Mo/ 120 3.0 228 25 11.8 1.9 10.2
Al,05
3Ni'2Mo/ 122 2.4 104 23 134 0.7 14.6
Al,04-HS
SNiZ°Mo/ 200 3.6 13.7 3.7 7.9 0.7 11.0
Al,03-HS

decreasing the Edge/RIM ratio far below that of the rest of catalysts of
the series. The LDH-based catalysts present the lowest proportion of Mo
atoms in RIM position due to the higher stacking degree and the rela-
tively big slab particle size (around 3.5 nm).

Taking into account these calculations and the metal loading of each
catalyst, the amount of Mo atoms in RIM positions per gram of catalyst
has been calculated and included in Table 4. As can be seen, Al,O3-based
catalyst with the optimal metal loadings presents the highest amount of
hydrogenating sites (RIM Mo atoms per g of catalyst), even in spite of
their lower loading as compared to the LDH-based catalyst. MgO- and
LDH-based catalysts present a similar amount of hydrogenating sites per
g of catalyst. According to the amount of ¥™Mo per gram of catalyst, the
intrinsic hydrogenation rate of each catalyst has been estimated and
included in Fig. 7.

As can be seen, the intrinsic activity decreases in this order: NiMo/
MgO > LDH-based catalyst (NiMo/MA20 > NiMo/MA25 > NiMo/
MA33) > Aly03-based catalysts. As previously reported by Kooyman
et al. [13] one may consider that NiMoS, slab size or stacking degree
may have an influence on their intrinsic hydrogenation activity. How-
ever, in this series of samples, there is no plausible correlation between
the (Ni)MoS; slab size or stacking degree and hydrogenation activity. As
can be seen in Fig. 7, samples with very different stacking degree
(3N112M0/Mg0 vs ®Ni'°Mo/MA20 catalysts) presents similar intrinsic
hydrogenation rates and samples with similar (low) stacking degree
(MgO vs Aly,O3-HS based catalysts) present very different catalytic
activity.

On the other hand, some samples suggest that the intrinsic hydro-
genation rate decreases for smaller NiMoS; slab size (*Ni'?Mo/MgO vs
5Ni'°Mo/MA33), while some others (*Ni'>Mo/Al,05 vs *Ni'2Mo,/Al,0s-
HS) show the opposite trend on the HYD activity of the catalysts.
Therefore, any possible effect derived from the NiMoS; slab size or

 HYD +HDS

[ edge n Layers
HDS
basal
HYD +HDS

Scheme 2. Representation of the hypothesis assumed for the calculation of the amount of active sites in the sulfided catalyst. From left side to the right, morphology
of a single slab (Ref. [18]), geometrical model (Ref. [61]) and MoS, stack model (Ref [63]).
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Fig. 7. Intrinsic 1-MN hydrogenation rate as function of the number of active
sites for the different catalyst of this series.

stacking degree can be ruled out, at least within the experimental ranges
considered. It is then clear that the activity trends showed in Fig. 7
suggest that an alternative effect to slab size or stacking degree much
exist. Thus, if we now plot the intrinsic hydrogenation rate of the
NiMo-S phase versus basicity of the corresponding supports, a good
correlation is obtained (Fig. 8). It appears then that the intrinsic hy-
drogenation rate increases when increasing the basicity of the support
and levels off for the most basic MgO support.

As mentioned in the introduction, it is commonly accepted that the
promotional effect of Ni (or Co) on Mo sulfides is due to an electron
transfer phenomena from Ni to the Mo-S active sites in the sulfided slab
[4,63-65]. Considering the fact that the basicity of the supports ac-
counts also for their electrodonor capacity, the correlation found be-
tween hydrogenation activity and support basicity suggests that
supports showing electrodonor capacity could induce a similar pro-
moting effect than Ni or Co on the MoS, phase. Therefore, an enrichment
of the electronic density of the MoS; slabs induced by basic (electro-
donor) support could explain the correlation between intrinsic hydro-
genation rate and basicity (Fig. 8).

According to these results, we postulate that strong basic sites on
MgO and MgAl (LDH-derived) oxides may contribute to enriching the
electronic density of the MoS; supported slabs. This may enhance the

60

- SNi®Mo/Al,0-HS
od i
g - ‘ ’\ :}»HM /MgO
EE 45 - ’ ' i2Mo/Mg
Z \ 5Ni®Mo/MA20
E 40 Q\ ENi*Mo/MA25
% 35 0\ SNi*Mo/MA33
E 30 * 3Ni2Mo/AL,0,-HS
Q
E 25 I 3Ni2Mo/Al,0,
e
> 20 -

15 -

10 :

0.00 0.50 1.00 1.50 2.00

Basicity (Knoev. rate mol/min/g-102)

Fig. 8. Intrinsic hydrogenation rate as function of the basicity of the cata-
lyst’s support.
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Fig. 9. Intrinsic hydrogenation rate of 1-MN as function of NiMo surface charge
estimated by the XPS and Ni Auger measurements (relative to reference sample
3Ni'?Mo/Al,05) for the different catalysts.

promoter effect of Ni or act itself as a MoS, promoter in a similar way as
Ni or Co promoters do by means of an electron transfer phenomena.
Thus, metal-S anti-bonding electrons from Ni would be moved to Mo-S
antibonding orbitals, favoring the formation of vacancies on the MoS,
where reactant molecules could be easily adsorbed and activated.

These results are consistent with the XPS characterization, the ba-
sicity of the support and the intrinsic hydrogenation rate measured for
the different catalysts. Fig. 9 shows the good correlation found between
the physico-chemical properties of the supports, the NiMo surface
charge and their hydrogenation activity. As can be seen, there is a clear
and positive correlation between the surface charge induced by the
support on the NiMo oxide supported particles and the intrinsic hy-
drogenation rate of the corresponding NiMoS; slabs formed upon sul-
fidation of the formers.

The results presented in Fig. 9 are, therefore, a clear confirmation of
the proposed charge transfer effect induced by the support to the NiMo-S
supported slabs.

4. Conclusions

The physico-chemical characterization and catalytic activity of a
series of catalyst supported on Al;O3, LDH-derived MgAl oxides and
MgO have been investigated.

XPS measurements of calcined samples show a clear increase of the
electron density of the supported particles (NiMo oxides) with the
increasing basicity of the support. These results suggest an electron
transfer phenomena to the NiMoS; slabs induced by the support, similar
to that ascribed to the promoting effect of Ni or Co on MoS; active site.

On the other hand, the hydrogenation rate of 1-MN per active site has
been obtained for each catalyst according to the RIM model and the
NiMo-S phase dispersion (slab size and stacking degree) evaluated by a
thorough HR-TEM study. The results obtained indicate that the intrinsic
hydrogenation rate of the NiMo-S (supported) phase (irrespectively of
the slab size or stacking degree) does not correlate with the slab size or
stacking degree of the active NiMoS phase, but with the electron density
of the supported particles, which is a function of the electrodonor ca-
pacity or basicity of the corresponding support (NiMo/MgO > NiMo/
MgAIl-LDHs > NiMo/Al,03).

According to the physico-chemical characterization and the catalytic
tests, it can be concluded that the enhancement of the hydrogenation
activity of NiMoS, slabs supported on basic materials is due to an
electronic enrichment induced by the support through an electron
transfer phenomena that would favor the formation of S vacancies on
the MoS, slab, where reactant molecules are adsorbed and activated.
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The results presented here show a clear and specific support effect on
the electronic properties of the supported NiMo oxides and on the cat-
alytic properties of the supported NiMo-S phase. Thus, this contribution
experimentally proves that the supports of TMs catalysts play a decisive
role on the catalytic activity of the sulfided phase, which goes beyond
the well known dispersing and stabilizing effects. In addition, it helps
clarifying and understanding the, up to date, undefined “support effect”
widely used in the literature during the last years to describe unex-
plained results.
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