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Abstract

Although nickel dispersed in mesoporous aluminosilicates are efficient catalysts for the
oligomerization of ethylene, the nature of the active nickel sites still remains
controversial. Here we applied in situ FTIR-CO spectroscopy during reaction with
ethylene combined with reaction kinetics with online MS analysis of reaction products to
unravel the nature of the active nickel species in working mesoporous Ni-Al-MCM-41
catalysts. The results revealed that isolated ion-exchanged Ni** cations are irreversibly
blocked during the initial reaction stages leaving unsaturated Ni** cations grafted on
silanols and at the surface of small (confined) NiO nanoparticles as the active species in
the pseudo-steady state. The low activity of these species in pure silica materials
suggested a promotional role of aluminum in the AI-MCM-41 matrix on enhancing the
activity of Ni*" sites, probably through a close interaction between Al species and nearby

Ni?* sites, as inferred from quantitative 2?’A1 MAS NMR and FTIR spectroscopies.

Keywords: ethylene oligomerization, Ni-AI-MCM-41 catalysts, active nickel sites, role
of Al species.



1. INTRODUCTION

Higher olefins produced by the oligomerization of ethylene are valuable chemical
intermediates in the manufacture of a variety of useful industrial products such as
detergents, synthetic lubricants, plasticizer alcohols, and surfactants [1,2]. Moreover, the
increasing availability of cheaper ethylene produced by cracking of ethane from shale gas
and of renewable bio-ethylene from lignocellulosic bioethanol makes the oligomerization
of ethylene even more attractive. Current commercial ethylene oligomerization processes
operate in liquid phase at mild conditions using homogeneous catalysts based on
transition metal (e.g., Ni, Co, Cr, Fe, etc.) complexes assisted by alkylaluminum co-
catalysts or activators. Their replacement by more environmentally friendly

heterogeneous systems is thus highly pursued albeit challenging.

Heterogeneous catalysts based on Ni dispersed on micro and mesoporous
aluminosilicates are attracting considerable research interest as a green alternative to the
current homogeneous systems [3]. As a general trend, nickel catalysts based on
amorphous mesoporous aluminosilicates like silica-doped alumina, AI-MCM-41 and Al-
SBA-15 exhibit higher activity, productivity to oligomers, and stability during reaction
than Ni-zeolites displaying an essentially microporous character and stronger acid sites
[4,5]. Indeed, Ni-zeolites tend to deactivate fast with time due to the blockage of
micropores by bulky, highly branched oligomers formed on strong Brensted acid sites. A
notable exception to this behavior is the nanocrystalline Ni-beta zeolite reported by our
group, for which no deactivation was observed during at least 10 h on stream in the
oligomerization of ethylene at productive conditions due to an enhanced diffusion of

oligomers within the nano-sized crystallites [6].

A differential aspect of the solid Ni-aluminosilicate catalysts is that they are able to
perform the oligomerization of ethylene at moderate temperatures without the need of
adding alkylaluminum activators as commonly required in homogeneous processes. This
fact has generated an intense and interesting debate about the nature of the active nickel
species and the reaction mechanism operating in Ni-aluminosilicates [3]. Although a
definitive consensus on both issues has not yet been reached, a significant progress in the
understanding of these fundamental questions has been achieved in the past years with
the help of advanced in situ characterizations and theoretical (e.g. DFT) methods. The
most controversial aspect in regards to the nature of active sites concerns the oxidation

state of the nickel species. Thus, while Ni® [7], Ni* [8-11], and Ni** [4,6,12] were



proposed as active species in earlier works, more recent studies based on in situ FTIR
experiments performed on Ni-beta [13] and on DFT calculations on Ni-SSZ-24 [14]
advocate for isolated Ni** cations as the active species in Ni-zeolites. In these latter
studies, the oligomerization reaction was concluded to occur, similarly to the
homogeneous catalysts, through the classical Cossee-Arlman mechanism. Single-Event
Microkinetic modeling studies did also support the Cossee-Arlman cycle as the most
likely mechanism over amorphous mesoporous Ni-SiO2-Al2O3 [15]. Alternatively, a
mechanism involving metallacycle intermediates generated through the oxidative
coupling of two ethylene molecules on a Ni site was postulated for the mesostructured
Ni-AI-SBA-15 catalyst [16]. More recently, based on DFT-molecular dynamics
simulation at operating conditions and microkinetic modelling, Olsbye et al. proposed as
active site in zeolite Ni-SSZ-24 a reversible mobile [(ethene),-Ni-alkyl]" complex formed
within the zeolite pores during reaction upon the exchange of two ethylene molecules
with zeolite framework oxygens as nickel ligands [17]. This work, hence, establishes a
connection between the active Ni species in homogeneous and heterogeneous Ni-based

catalysts and allows accounting for their common Cossee-Arlman mechanism.

The isolated Ni*" ions proposed as active sites in Ni-aluminosilicates were generally
believed to be those at ion exchange positions compensating the negative framework

13* species in bridged Si-O™-Al groups. In a recent

charge induced by four-coordinated A
work, we performed time-resolved in situ FTIR-CO experiments under flowing ethylene
at 120 °C and 1 bar on Ni-beta to elucidate the nature of active nickel species in working
Ni-beta zeolite [13]. We found that the ion-exchanged Ni** species, prevailing in the
activated catalyst prior to reaction, became irreversibly blocked by hydrocarbon products
since virtually the start of the reaction, leaving Ni** grafted on silanols [Ni**~(SiO")] as
the species responsible for the oligomerization activity of Ni-beta in the pseudo-steady
state. The assignment of ion-exchanged Ni** ions as the only active species in Ni-
aluminosilicates was also questioned in a previous study from our group comparing the
activity for ethylene oligomerization of Ni dispersed on nanocrystalline beta zeolite and
on amorphous mesoporous AI-MCM-41 and silica-doped alumina (Siralox-30) at similar
Ni loading of 5 wt% [4]. In that work, we observed a remarkably higher activity for Ni-
Al-MCM-41 and Ni-Siralox in spite of the much higher concentration of ion-exchanged
Ni?* ions in Ni-beta in comparison with Ni-AI-MCM-41 and of their absence in Ni-

Siralox-30 after the thermal activation treatment.



On the above premises, in the present study we first performed an in situ time-resolved
FTIR-CO study similar to that reported for Ni-beta in our previous work [13] to unravel
the nature of active nickel species in Ni-Al-MCM-41 catalysts during catalysis. We will
show that, as it occurs for Ni-beta, the ion-exchanged Ni*" species are rapidly blocked
and that only Ni*" grafted on silanols and undercoordinated Ni*" at the surface of very
small NiO nanoparticles confined within the mesopores remain in the catalyst surface at
steady state conditions. Then, it will be shown that, although these Ni species are not
directly linked to Al, a close interaction of Al species with nearby Ni?* cations is required

to achieve high activity in ethylene oligomerization.

2. MATERIALS AND METHODS
2.1. Preparation of MCM-41 supports and Ni-based catalysts

The mesostructured AI-MCM-41 aluminosilicate (abbreviated here as Al-M41) with
nominal Si/Al atomic ratio of 15 was synthesized according to the procedure reported in
[18]. Briefly, the cationic surfactant hexadecyltrimethylammonium bromide
(C16TMABTr) and aluminum hydroxide powder, used as Al source, were dissolved in a
solution of tetramethylammonium hydroxide (TMAQOH) at 40 °C. Subsequently, the silica
source (fumed silica, Aerosil 200, Degussa) was added to produce a gel with the following
molar composition: SiOz: 0.15 CisTMABr : 0.26 TMAOH : 0.0333 Al>O3: 24.6 H20.
The gel was aged for 1 h at room temperature, transferred to a Teflon-lined autoclave,
and heated in static at 135 °C for 24 h. The solid was recovered by filtration, washed with
distillated water, dried at 60 °C overnight, and calcined at 540 °C (2 °C/min) in flowing
N> for 1 h and then in air for an additional 6 h period.

Additionally, a pure silica MCM-41 sample (referred to as Si-M41) was also synthesized
following the procedure described above for Al-M41 excluding the addition of the Al

source.

A series of Ni catalysts supported on the AI-MCM-41 carrier was prepared by incipient
wetness impregnation of the pre-dried support with ethanolic solutions containing the
required amounts of Ni(NOz3)2:6H20 precursor (Sigma-Aldrich, > 97% purity) to achieve
nominal Ni loadings of 1, 3, 5, and 10 wt%. After impregnation, the samples were dried

at 100 °C overnight and calcined in air at 550 °C for 3 h using a heating rate of 1 °C/min.



The obtained catalysts are denoted as xNi/Al-M41, where x stands for the nominal wt%
Ni content.

A Ni catalyst dispersed in the all-silica Si-M41 support was prepared by grafting of Ni*"
ions from the Ni(II) amino complex solution [Ni(NH3)x]*" following a similar procedure
to that reported in [19] for grafting Ni** on silica. Briefly, 2 g of Si-M41 support were
suspended in 30 mL of a 0.02 M Ni?* solution containing 2 wt% ammonia obtained by
dissolving Ni(NO3); in a 2.0 M ammonia solution in methanol (Sigma-Aldrich). The
mixture was vigorously stirred at room temperature for 1 h. The precipitate was filtered,
washed with ethanol, dried at 60 °C overnight, and then calcined in air at 350 °C for 1 h
(heating rate of 1 °C/min). The obtained material was denoted as Ni-Si-M41 and
contained 1.7 wt% Ni according to ICP-OES measurements. An additional Al-free Ni
sample was similarly prepared but using, in this case, a 0.02 M Ni*" aqueous solution
containing 12.5 wt% ammonia obtained from Ni(NOs), and a 25% ammonia solution in
water (Sigma-Aldrich). The precipitate was filtered, washed, dried, and air-calcined at
the same conditions described above for Ni-Si-M41. The second treatment at more basic
conditions was intentionally performed in order to provoke the partial dissolution and loss
of structural pore ordering of the Si-M41 matrix and to produce a material comprising,
after calcination, NiO nanoparticles as the only nickel species, as will be discussed later

in the manuscript. The calcined sample is referred to as NiO-SiO; and contained 2.7 wt%

Ni as determined by ICP-OES.

2.2. Characterization techniques

The Ni content and Si/Al ratio (for Al-containing materials) in the calcined Ni-containing
catalysts were determined by Inductively Couple Plasma-Optimal Emission
Spectrometry (ICP-OES) in a Varian 715-ES spectrometer after dissolution of the solids
in an acid mixture of HNOs3:HF:HCI (1:1:3 volume ratio).

X-ray powder diffraction (XRD) patterns were recorded on a Philips X’Pert
diffractometer using monochromatic CuKg, radiation (A= 0.15405 nm), a scanning step of

0.03°, and counting time per step of 1 s.

Textural properties of the samples were derived from the respective N> adsorption
isotherms measured at -196 °C in an ASAP-2000 instrument (Micromeritics). Specific

surface areas were calculated following the Brunauer-Emmett-Teller (BET) method, the
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mesopore volumes (Vmeso) was determined at a relative pressure of 0.85 (hence, excluding
interparticle porosity), and the pore size distributions were obtained by applying the BIH
algorithm using the Harkins-Jura reference curve and KJS correction [20]. Prior to the

adsorption measurements, the samples were degassed at 400 °C and vacuum overnight.

The acidic properties of parent AI-MCM-41 carrier and Ni-AI-MCM-41 catalysts were
studied by FTIR spectroscopy of adsorbed pyridine on a Nicolet 710 FTIR apparatus. To
this purpose, self-supported wafers of 10 mg/cm? were prepared and degassed at 400 °C
overnight under dynamic vacuum (10" mbar). Then, 1.8-10° Pa of pyridine were admitted
to the IR cell and, after equilibration at room temperature (RT), the samples were
degassed at 150 °C, the corresponding spectrum recorded at RT, and the background
spectrum subtracted. In a recent study, the integrated molar extinction coefficients of
pyridine adsorbed on Brensted acid sites (PyH"), experimentally determined for four
different zeolite topologies (FAU, BEA, MOR, MFI), were shown to depend, at a constant
pyridine desorption temperature, of the specific zeolite structure [21]. Since the
experimental molar absorption coefficients for PyH" species chemisorbed on
mesostructured AI-MCM-41 and related materials are not available, we here compared
the Bronsted acidity of the AI-MCM-41 and Ni/Al-MCM-41 samples on a relative basis
using the integrated areas of the corresponding IR pyridine band at ca. 1545 cm’!

considering a value of 100 for the bare AI-MCM-41 carrier.

The reducibility of the nickel species was studied by hydrogen temperature-programmed
reduction (H2-TPR) in a Micromeritics Autochem 2910 device. The samples were
initially flushed with Ar at RT for 30 min, and then the gas was switched to 10 vol% H:
in Ar and the temperature linearly increased up to 900 °C at a rate of 10 °C/min. A
downstream trap of 2-propanol in liquid nitrogen was used to retain the water formed
during reduction while monitoring the H> consumption rate in a thermal conductivity

detector (TCD) previously calibrated using the reduction of a standard CuO sample.

High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) and transmission electron microscopy (TEM) images were obtained on a JEOL
JEM-2100F apparatus operated at 200 kV. Prior to microscopy observation, the samples
were dispersed in ethanol under ultrasonication, a drop was extracted from the top and
deposited on a holey carbon-coated copper grid, and the solvent evaporated under ambient
conditions. Fast Fourier Transform (FFT) analyses of lattice-resolved TEM images in

selected samples were carried out using the Gatan Digital Micrograph software.
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Histograms of particle size distribution for NiO species were generated for selected
samples upon measurement of about 140 — 170 particles at several STEM micrographs
taken at different positions on the grid. Specifically, 143, 168, and 152 particles were
counted for the analyzed samples INi/Al-M41, 5Ni/Al-M41, and 10Ni/Al-M41,

respectively.

Solid-state 2’ Al MAS NMR spectra were recorded on a Bruker AV 400WB spectrometer
operating at 104.2 MHz and equipped with a 4 mm Bruker BL4 mm probe. Fully hydrated
samples (ca. 40 mg) were packed into zirconia rotors and spun at the magic angle spinning
(MAS) frequency of 10 kHz. The spectra were acquired at ambient temperature with
pulses of 0.5 us corresponding to a flip angle of n/18. Chemical shifts were referred to a
0.1 M aqueous solution of AI(NOs3);. For quantitative measurements, the spectra were
normalized by weight of sample loaded into the rotor. Four spectra were acquired in each

measurement to check the stability of the spectrometer.

Infrared spectra were recorded on a Nexus (Thermo) 8700 FTIR spectrometer using a
DTGS detector and acquiring at a resolution of 4 cm™'. A commercial Aabspec cell was
used, allowing for in situ treatments under controlled atmospheres and temperatures from
-176 to 500 °C. Before spectra acquisition, the calcined supports and Ni-containing
samples were pressed into self-supported wafers of ca. 10 mg/cm?, introduced in the IR
cell connected to a vacuum system, and thermally treated in situ at 300 °C for 3 h in
flowing N2 (20 cm*/min), reproducing the in-reactor pretreatment conditions applied prior
to catalysis. Afterwards, the temperature in the IR cell was decreased to 120 °C (the
temperature employed in the catalytic tests), and the nitrogen flow switched to pure
ethylene. Next, the ethylene flow was stopped at selected reaction times (1 and 70 min)
and the sample was immediately evacuated to 10! mbar using a rotatory pump and
subsequently to 10~ mbar with a turbomolecular pump while maintaining the temperature
at 120 °C for 1 h. At that moment, an FTIR spectrum was registered to study the nature
and stability of the adsorbed species. Subsequently, the nature of the surface nickel
species was assessed by titration with CO upon cooling the sample to -176 °C under
dynamic vacuum of 107> mbar and dosing CO at increasing pressures from 0.14 to 2.0
mbar. The IR spectrum after each CO dose was then recorded. Assignation of IR
components was done by the conventional curve fitting method. The IR spectra were
deconvoluted using the Origin software, keeping the FWHM for a given peak constant

between samples. For comparison, the IR spectra were normalized by sample overtone



area in the frequency range of 2104 — 1746 cm™'. The analysis of IR peaks derived from
the curve fitting approach was supported by performing the second derivative of selected

IR spectra.

2.3. Catalytic experiments
2.3.1. Experiments at high pressure

The oligomerization of ethylene at productive high-pressure conditions were performed
in a fixed bed stainless steel reactor loaded with ca. 0.4 g of catalyst pellets (0.2 — 0.4
mm) previously diluted with CSi granules (0.6 — 0.8 mm) to attain a constant bed volume
of 6.5 cm?, as detailed elsewhere [6]. Before reaction, the catalysts were pretreated in situ
in flowing N2 (50 cm?®/min) at 300 °C for 16 h. The tests were carried out at 120 °C, 35
bar total pressure (26 bar of ethylene balanced by Ar), and weight hourly space velocity
(WHSV) of 10 h'! in experiments lasting about 8 — 10 h. During the experiments, liquid
oligomers were condensed in two traps located at the reactor outlet, weighted, and
analyzed offline in a gas chromatograph (Bruker 450 GC) equipped with a capillary
column (BR-1), two packed columns (Hayesep Q and Molecular Sieve 13 X), and two
detectors (TCD and FID). Uncondensed products leaving the traps were periodically
analyzed online in the same GC. The carbon number distribution of formed oligomers
was obtained by merging the online and offline analyses. Carbon mass balances for the

reported high-pressure experiments ranged 95 — 105%.
2.3.2. Experiments at ambient pressure

Additionally, ethylene oligomerization experiments were also carried out in a fixed bed
glass microreactor loaded with ca. 100 mg of catalyst pellets (0.2 — 0.4 mm) diluted with
CSi granules (0.6 — 0.8 mm) to attain a constant bed volume of 1 cm?. Prior to reaction,
the catalysts were pretreated in situ under flowing N2 (20 cm?/min) at 300 °C for 3 h. The
experiments, lasting about 100 min, were carried out at differential conditions (ethylene
conversions < 10%) at a temperature of 120 °C, a total pressure of 1 bar (0.95 bar of
ethylene balanced with Ar, used as internal GC standard), and a space velocity (WHSV)
of 33 h'! [13]. The reaction products were qualitatively followed by online mass
spectrometry (MS) in the multi-ion mode for preselected m/z fragmentations (m/z = 26
for ethylene, m/z = 56 for butenes, and m/z = 84 for hexenes) using a Balzer (QMG

220M1, Onmistar) mass spectrometer. The employed microreactor-MS setup, having a



minimum dead volume, allowed for the continuous monitoring of products since virtually
zero time on stream. For quantitative analyses, the gaseous stream at the reactor outlet
was collected in sample bags at selected reaction times and analyzed offline in the Bruker
450 GC gas chromatograph described above for the high-pressure runs. At the differential
conditions employed in the ambient pressure experiments (i.e. low ethylene conversions),

carbon mass balances were in all cases better than 98%.
2.3.3. Reproducibility of catalytic experiments

Duplicated experiments with selected xNi/Al-M41 catalysts were performed at the
beginning of the study in order to confirm the good reproducibility of the catalytic data
at both high and ambient pressure conditions (Fig. S1).

3. RESULTS AND DISCUSION
3.1. Characterization of catalysts
3.1.1. Structural and textural characterization

The atomic Si/Al ratio for both the calcined Al-M41 support and the xNi/Al-M41 catalysts
was 13, as measured by ICP-OES. The Ni content (ICP-OES), textural properties (N2
physisorption), and Brensted acidity (FTIR-pyridine) of the materials are gathered in
Table 1. The Ni contents of the impregnated xNi/Al-M41 samples agreed well with the
nominal values. The presence of the (100) reflection at 2.1° (20) in the low-angle XRD
patterns (Fig. S2) and the type-IV N: adsorption isotherms with a narrow pore size
distribution (Fig. S3), characteristic of mesostructured solids, indicated a relatively high
long-range hexagonal ordering of mesopores in both Al-M41 and xNi/Al-M41 samples.
This is also supported by the high BET surface areas exhibited by these materials (781 —
923 m?/g), as shown in Table 1.
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Table 1. Ni content, textural properties, and relative Brensted acidity of Al-M41 support
and impregnated xNi/Al-M41 catalysts.

Ni content BET area Vineso” APD®  Relative Bronsted
Sample (Wt%) (m?/g) (cm’/g) (nm) acidity®
Al-M41 - 923 0.79 3.77 100
INi/AI-M41 1.3 901 0.76 (0.77) 3.65 69
3Ni/Al-M41 2.8 880 0.74 (0.77) 3.63 53
SNi/Al-M41 5.7 829 0.68 (0.73) 3.54 56
10Ni/Al-M41 9.8 781 0.61 (0.70) 3.54 50

? Volume of mesopores. Values in parenthesis are the mesopore volumes normalized per
mass of support.

® Average pore diameter.

¢ Relative amounts of Brensted acid sites at a pyridine desorption temperature of 150 °C,
taking the value for the AI-M41 support as 100.

Moreover, it can be seen in Table 1 that the Ni-containing catalysts showed lower average
pore diameters (3.54 — 3.65 nm) and mesopore volumes normalized per mass of support
(0.70 — 0.77 cm®/g) in comparison with the pristine A1-M41 (mean pore size of 3.77 nm
and mesopore volume of 0.79 cm?/g). These observations are suggestive of a partial
plugging of pores due to the presence of NiO nanoparticles within the mesochannels. In
turn, the fact that both the mean pore diameter and normalized mesopore volume
gradually decreased with the Ni content signs for a higher amount of confined NiO

nanoparticles at higher Ni loadings.

The high-angle XRD patterns of the catalysts (Fig. S4) showed very weak and broad
reflections at about 37°, 43°, and 63° (20) corresponding, respectively, to the (111), (200),
and (220) crystal planes of the fcc-NiO phase (JCPDS 04-0835) only for the catalysts
loaded with 5.7 and 9.8 wt% Ni. The absence of NiO reflections at lower Ni contents
suggests that the size of NiO crystallites in these samples should be below the detection

limit of the technique (3 — 4 nm).

Hydrogen temperature-programmed reduction (H2-TPR) experiments were performed to
obtain information on the type of Ni species present in the catalysts according to their
reducibility. The corresponding H>-TPR profiles are shown in Fig. 1. Three main
reduction regions can be distinguished: T <350 °C (I), 400 < T < 600 °C (II), and T >

650 °C (III). Hydrogen consumptions in the low-temperature range (region I) are
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associated to the reduction bulk-like NiO nanoparticles displaying low interaction with
the support [22] which, in our catalysts, should reside at the external surface of the Al-
M41 carrier. This assignment is supported by the single reduction peak at ca. 278 °C
observed in the H,-TPR profile of bulk (30 nm in size) NiO particles physically mixed
with AI-MCM-41 to achieve a Ni content of 5 wt% Ni (Fig. S5). On the other hand,
hydrogen consumptions at high temperatures (region III) in Ni-aluminosilicates are
attributed to the reduction of highly dispersed Ni cations strongly interacting with the
aluminosilicate matrix. The broad reduction feature at temperatures above 600 °C
suggests the presence of more than one type of nickel species reducing in this region. In
fact, as observed in the deconvoluted H>-TPR profiles shown in Fig. S6, two components
peaking at about 625 and 750 °C, respectively, were evidenced in region III. The peak at
ca. 750 °C is associated with the reduction of Ni*" in ion exchange positions [22—24],
while that at around 625 °C can be tentatively attributed to the reduction of the grafted
Ni%* species [25]. Moreover, reduction features at intermediate temperatures (region II)
in Ni catalysts supported on MCM-41 materials are assigned to the reduction of very
small NiO nanoparticles located within the mesochannels [26,27]. As inferred from the
reduction profiles in Fig. 1, the later are the most abundant nickel species in the
impregnated catalysts, particularly at Ni loadings > 2 wt%. The increase in the H»
consumption in region II and the concomitant shift of the peak maximum towards higher
temperatures (466 °C — 528 °C) indicates that the amount of in-pore NiO nanoparticles
and their average interaction strength with the Al-M41 walls raises at increasing Ni
contents. Thus, besides shedding some light on the Ni speciation in our Ni-containing
catalysts, the H>-TPR results show that the impregnation and calcination conditions
employed for preparing the xNi/Al-M41 catalysts were effective to confine most of NiO

nanoparticles within the mesochannels even at Ni loadings as high as ca. 10 wt%.
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Fig. 1. H>-TPR profiles for the calcined xNi/Al-M41 catalysts with nickel loadings of 1.3
(a), 2.8 (b), 5.7 (c), and 9.8 wt% (d).

The presence of NiO nanoparticles in the impregnated xNi/Al-M41 catalysts even at low
Ni loading was directly evidenced by electron microscopy. Representative HAADF-
STEM images along with their corresponding NiO particle size histograms are presented
in Fig. 2 for samples 1Ni/Al-M41, 5Ni/Al-M41, and 10Ni/Al-M41. Abundant small NiO
nanoparticles, appearing as bright spots in the images, are clearly observed. FFT analysis
of a representative TEM image of INi/Al-M41 (Fig. S7) indicates that the NiO
nanoparticles crystallized in a face-centered cubic (fcc) phase, in agreement with the
crystalline NiO phase detected by XRD for the high loaded 5Ni/Al-M41 and 10Ni/Al-
M41 samples (Fig. S4). As seen in the histograms, the NiO nanoparticles exhibited a
relatively narrow particle size distribution with a mean particle size that progressively
raised from 2.6 to 3.8 nm as the Ni content increased from 1.3 to 9.8 wt%. The fact that
the size of most of the NiO particles in samples loaded with 1.3 and 5.7 wt% Ni fell in
the range of 2 to 4 nm, practically matching the pore size distribution of the Al-M41
carrier (Fig. S3b), suggests that they should mainly reside within the mesopores. At the
highest loading of 9.8 wt%, however, about 30% of the nanoparticles showed sizes above

4 nm and should, therefore, locate at the external surface of the Al-M41 grains.
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Fig. 2. Representative HAADF-STEM images for the impregnated xNi/Al-M41 catalysts
loaded with 1.3 (a), 5.7 (b), and 9.8 wt% Ni (c). The corresponding particle size

histograms are shown at the bottom of each image.

As for acidity, the impregnation of Al-M41 with the nickel precursor and subsequent
calcination produced a reduction of the density of Brensted acid sites (Table 1) due
mainly to the partial exchange of H" with Ni*" cations, as also observed in previous
studies for different Ni-aluminosilicates prepared by impregnation [6,23]. As observed in
Table 1, the relative amount of Bronsted acid sites decreased by about 50% with
increasing the Ni content up to 2.8 wt% and then remained practically constant at higher
loadings, suggesting that the amount of ion-exchanged Ni** species did not further
increase above this nickel loading. Nevertheless, the conclusion about the degree of ion
exchange of protons by Ni** species based on IR-pyridine measurements should be taken
with caution due to several factors. On one hand, it is likely that not all the Brensted acid
sites capable of being exchanged by Ni*" cations are titrated by pyridine at a desorption
temperature of 150 °C. On the other hand, the partial blockage of pores by confined NiO
nanoparticles, especially at high Ni loading (Table 1), may hinder the access of pyridine

to a fraction of the acid sites located within the mesopores.
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3.1.2. Surface nickel species in activated xNi/Al-M41 catalyst studied by FTIR-CO

Low-temperature FTIR of adsorbed CO is a highly sensitive technique to study the
oxidation state and chemical environment of surface metal species. Here we first
performed FTIR-CO at -176 °C to elucidate the nature of surface Ni species in the
impregnated xNi/Al-M41 catalysts after the thermal activation treatment at 300 °C in N»
flow applied prior to catalysis. The IR spectra at CO saturation (2 mbar) for the bare Al-
M41 carrier and the impregnated xNi/Al-M41 samples with different nickel loadings are
shown in Fig. 3. All Ni-containing catalysts exhibited three main IR bands with maxima
at 2197, 2174, and 2157 cm’!, along with an additional band at 2134 cm™ due to
physisorbed CO (Fig. 3b-¢). The IR bands at 2174 and 2157 cm’, also present in the
spectrum of the pristine Al-M41 carrier (Fig. 3a), have been assigned to CO interacting
with, respectively, Bronsted acid sites and silanol groups [28,29]. On the other hand, the
component at 2197 cm™! is related to CO interacting with Ni** species [4,30]. Worth of
mention is the lack of IR bands of Ni*(CO), dicarbonyls at 2138 and 2096 cm™' and/or of
Ni"™-CO monocarbonyls at 2113 cm™ [29], which clearly manifests the absence of
monovalent Ni' cations in the activated xNi/Al-M41 catalysts. Based on the asymmetry
and the evolution of the IR band at 2197 cm! at increasing CO coverages (Fig. S8a), the
existence of four Ni**-related components with maxima at ca. 2207, 2197, 2185 and 2174
cm’! could be identified, as supported by the second derivative curves shown in Fig. S8b.
As an example, the deconvoluted spectrum of the SNi/Al-M41 sample is shown in the
inset of Fig. 3. The distinct CO vibration frequency of the Ni>*—CO complexes evidences
the presence of Ni** ions in different local environments exhibiting dissimilar Lewis acid
strength (i.e., electron-accepting capability). Hence, the high frequency component at
2207 cm’! is ascribed to isolated Ni*" ions in ion exchange positions (i.e., exchanging
protons in bridged Si-OH-Al groups) [4,13,30-32]. According to their frequency, these
species exhibit the strongest Lewis acid character among the detected Ni?* species, and
are those widely assumed as the active nickel sites in Ni-aluminosilicates. Furthermore,
the IR band at 2197 cm™ is associated with isolated grafted Ni** species formed by
reaction with defective silanol groups and subsequent removal of water ligands by
thermal treatment, resulting in coordinatively unsaturated Ni** cations bound to the
support surface through framework oxygen atoms [Ni*'~(SiO")2] [4,13,19,30]. On the
other hand, the band peaking at about 2185 cm™ is related to CO adsorbed on

coordinatively unsaturated Ni*" species at the surface of small NiO nanoparticles [4]. It
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should be pointed out that, although as mentioned before the component at 2174 cm’!
present in the spectrum of the Al-M41 support (Fig. 3a) is associated with CO adducts
with Brensted acid sites, the Ni*" species in small NiO nanoparticles do also contribute
to this band. This is corroborated by the presence of this band in the IR-CO spectrum of
an Al-free Ni/Si-MCM-41 sample lacking Bronsted acidity (Fig. S9). The lower IR
frequencies of the NiO-related bands indicate that these Ni** species have weaker Lewis

acidity in comparison with those in ion exchange positions and grafted on silanols.

5NI/AI-M41

2174
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Fig. 3. FTIR-CO spectra at CO saturation (2 mbar) for the bare Al-M41 carrier and the

impregnated xNi/Al-M41 catalysts after thermal treatment in flowing N> at 300 °C: a) Al-

M41, b) INI/Al-M41, c) 3Ni/Al-M41, d) 5Ni/Al-M41, and e) 10Ni/Al-M41. The inset

shows the deconvoluted spectrum of the SNi/Al-M41 sample at an intermediate CO

coverage.

The evolution with Ni loading of the different surface Ni** species present in xNi/Al-M41
catalysts, derived from the area of the respective IR bands in the normalized deconvoluted
spectra, is shown in Fig. S10. As observed, the amount of ion-exchanged Ni*" species
(band at ca. 2207 cm™') increased with increasing the Ni loading from 1.3 to 2.8 wt%,
slightly declined with the increment in Ni content up to 5.7 wt%, and then remained
practically constant with the further increase in Ni loading up to 9.8 wt%. Moreover, the
amount of Ni** ions grafted in silanols (band at 2197 cm™) showed a maximum for the

sample loaded with 5.7 wt% Ni, while that of Ni** in small NiO nanoparticles (band at
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2185 cm™) raised continuously with Ni loading, in agreement with the trend observed for

the reduction of in-pore NiO nanoparticles in the H>-TPR profiles (Fig. 1).

3.2. Oligomerization of ethylene on Ni-Al-MCM-41 catalysts

As detailed in Experimental, the ethylene oligomerization experiments were carried out
at differential conditions in a microreactor at 120 °C, 1 bar total pressure (0.95 bar
ethylene, Ar as balance gas), and WSHV of 33 h'!. During the experiments, the reaction
products were continuously monitored by online mass spectrometry (MS), enabling a
high temporal resolution since the very early stages of the reaction. At these conditions,
dimerization of ethylene was the main reaction occurring on the xNi/Al-M41 catalysts
resulting in a high selectivity of butenes of ca. 90% (Table S1). Moreover, preliminary
blank experiments indicated that the bare Al-M41 support was not active and, therefore,
that Brensted acid sites are unable to activate and oligomerize ethylene at the studied
conditions. The lack of activity at moderate temperatures (< 200 °C) in the absence of
nickel species has also been reported in earlier studies for different acidic zeolites
[4,33,34] and mesoporous aluminosilicates [22,35], and was rationalized considering that
the oligomerization of ethylene catalyzed by Brensted acid sites would involve
energetically unfavorable primary carbocation intermediates. In consequence, the activity
of the Ni-containing catalysts in this work is exclusively ascribed to the active Ni species.
The evolution with time of the intensity of the mass spectral signal of butenes (m/z = 56)
for the xNi/Al-M41 catalysts loaded with different amounts of Ni is shown in Fig. 4.
Regardless the Ni loading, all catalysts experienced a rapid loss of activity during the first
20 min on stream followed by a pseudo-steady state period where the formation rate of
butenes remained nearly constant until the completion of the experiment. The qualitative
behavior with time on stream (TOS) and the activity trend with Ni loading inferred from
the butenes signal in the online MS analyses reproduced well those observed for the
ethylene conversion derived from the quantitative offline GC analyses, as shown in Fig.
S11. In both cases, the activity significantly raised with the increase in Ni content from
1.3 to 5.7 wt% and then increased very slightly with the further increase in loading up to
9.8 wt%. We notice that an alike behavior was observed for Ni/beta zeolite catalysts tested

in the same reactor setup at identical reaction conditions [13].
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Fig. 4. Evolution of the mass spectral signal of butenes (m/z = 56) with TOS for xNi/Al-
M41 catalysts. Reaction conditions: 120 °C, 1 bar total pressure (0.95 bar ethylene + 0.05
bar Ar), and WHSV of 33 h'l.

The catalytic performance of the xNi/Al-M41 catalysts was also assessed at more
industrially relevant high-pressure conditions (120 °C, 35 bar total pressure, and WHSV
of 10 h'!) as detailed in Experimental. It is worth mentioning that in these experiments,
where the first reliable analysis of products in the online GC was performed after about 1
h on stream, the initial transient behavior observed at ambient pressure (Fig. 4, Fig. S11a)
could not be captured and the catalysts apparently exhibited a relatively stable activity
with TOS (Fig. S12). Nevertheless, at 35 bar, the conversion of ethylene after about 8 —
10 h on stream (pseudo-steady state) gradually increased from 42% for 1Ni/Al-M41 to
93% for 10Ni/Al-M41 (Fig. 5a). The raise in ethylene conversion with Ni loading was
accompanied by a decline in the selectivity of butenes from 61 to 42% and a concomitant
raise in the selectivity of higher (Cs+) oligomers, as shown in Table S2 of Supporting
Information. The results in Fig. 5a thus revealed the same reactivity trend with Ni content
for the experiments performed at 1 and 35 bar. In fact, despite the conversion rates at 35
bar were about one order of magnitude higher than at 1 bar, there was a good linear
correlation (R? = 0.994) between the pseudo-steady state conversion rates at both

conditions (Fig. 5b), as also found for Ni/beta in our previous study [13].
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Fig. 5. a) Ethylene conversion in the pseudo-steady state (TOS = 8 — 10 h) as a function
of Ni loading for xNi/Al-M41 catalysts at high-pressure conditions (120 °C, 35 bat total
pressure, WHSV = 10 h'"); b) linear correlation between the ethylene conversion rates at

1 and 35 bar total pressure.

The above results strongly point towards the same type of active nickel species operating
in the working xNi/Al-M41 catalysts regardless of the reaction pressure and, therefore,
validate the use of FTIR-CO experiments at ambient pressure to elucidate their nature. At
this point, it should be highlighted that the activity of the xXNi/Al-M41 catalysts at both 1
bar and 35 bar continued increasing at Ni contents well above that corresponding to the
maximum theoretical ion exchange capacity of the Al-M41 carrier which, as mentioned
beforehand, was estimated at 2.4 wt% Ni. Obviously, this trend can hardly be explained
considering the ion-exchanged Ni?* cations as the only active species as widely assumed.
This aspect is addressed in the next section based on time-resolved in situ FTIR-CO

spectroscopy.

3.3. Nature of active nickel species in Ni-AI-MCM-41 catalysts

3.3.1. Time-resolved in situ FTIR spectroscopy
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The nature of active Ni species under working conditions was investigated by means of
FTIR spectroscopy using CO as probe molecule after in situ reaction of xNi/Al-M41
catalysts with ethylene in the IR cell at 120 °C and atmospheric pressure. The FTIR
spectra at CO saturation of Ni-carbonyl bands for the SNi/Al-M41 catalyst after the
thermal pretreatment with N> at 300 °C (considered as TOS = 0) and after 1 and 70 min
of reaction are presented in Fig. 6. The presence of the different IR components, and
particularly the less intense band at 2185 cm’, is clearly evidenced in the respective
deconvoluted spectra and is further supported by the second derivative approach, as
exemplified in Fig. S13 for the spectrum recorded after 70 min of in situ reaction with

ethylene.

Silanols
21.57

70 min
1 min
0 min

CO physis.
2132

Absorbance (a.u.)

1 L 1 L 1 L 1 " 1 L 1 i
2220 2200 2180 2160 2140 2120
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Fig. 6. FTIR spectra at CO saturation of Ni-carbonyl bands for SNi/Al-M41 catalyst after
the pretreatment in N> at 300 °C (0 min) and after 1 and 70 min of in situ reaction with

ethylene at 120 °C and 1 bar.

As observed, the IR band at 2207 cm™! related to ion-exchanged Ni** ions experienced a
significant reduction in intensity already after 1 min of reaction and virtually vanished
after 70 min corresponding to the pseudo-steady state period. Comparatively, the IR
bands associated to isolated Ni** ions grafted on silanols (2197 cm) and to
undercoordinated Ni** on the surface of small NiO nanoparticles (2185 cm™) were much

less affected and their intensity was preserved to a large extent after 70 min of reaction
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(Fig. 6). The same behavior was observed for all xNi/Al-M41 samples irrespective of the
Ni loading, as exemplified in Fig. S14 for the catalyst loaded with 2.8 wt% Ni (3Ni/Al-
M41).

Furthermore, the parallelism between the decline in the intensity of the Ni**-related IR
bands, particularly the band of the most acidic ion-exchanged species at 2207 cm™!, and
the initial loss of activity observed in the catalytic experiments at 1 bar (Fig. 4) is
suggestive of a common origin for both behaviors. In this regard, it is worth noting that,
concomitantly to the decrease in intensity of the Ni*" carbonyl bands, new IR bands in
the C-H vibration region characteristic of CH3 and CH> groups developed, as illustrated
in Fig. S15 for 5Ni/Al-M41. The fact that these bands persisted after evacuation of the
cell at 120 °C for 1 h under dynamic vacuum of 10~ mbar signs for the formation of
strongly adsorbed acyclic hydrocarbon species playing the role of spectators. Therefore,
our results collectively indicate that the fast initial activity decline (Fig. 4 and Fig. S11a)
originated mainly from the rapid blockage of the ion-exchanged Ni** ions by irreversibly
adsorbed CxHy species, as it was also concluded for zeolite Ni/beta [13]. This, besides the
fast initial decline in activity, suggest that the ion-exchanged nickel species, which exhibit
the strongest Lewis acidity, should be contributing the most to the high initial (at TOS =
0) activity of the xNi/Al-M41 catalysts.

Based on the results discussed beforehand, we here suggest that isolated Ni** cations
grafted on silanols and at the surface of small NiO nanoparticles confined within the
mesopores are those mainly responsible for the ethylene oligomerization activity of
xNi/Al-M41 catalysts in the pseudo-steady state rather than the commonly accepted ion-
exchanges ones. The milder Lewis acidity of the former species prevents a too strong
adsorption of hydrocarbon intermediates and/or products and consequently their rapid

blockage under reaction conditions.
3.3.2. Ni catalysts based on pure silica materials

Considering the nature of the suggested active nickel species in Ni-AI-MCM-41 catalysts,
it comes the obvious question of whether or not the presence of Al species in the carrier
is required for the activation and oligomerization of ethylene on heterogeneous Ni-based
catalysts. To address this question, two Al-free nickel catalysts were prepared by grafting
as described in section 2.1 under Experimental, namely Ni-Si-M41 and NiO-SiO:
containing, respectively, 1.7 and 2.7 wt% Ni. The low-angle XRD pattern of Ni-Si-M41
(Fig. S16a) shows narrow and well-resolved (100), (110), and (200) reflections, indicative
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of a high structural ordering of the hexagonally arranged mesopores. By contrast, the
NiO-Si0 sample exhibits a poorly ordered structure, with only a very low intense (100)
reflection being visible in its low-angle XRD pattern (Fig. S16a), due to the partial
dissolution of silica and consequent loss of pore ordering in the Si-MCM-41 carrier
caused by the more severe basic conditions applied in its preparation (section 2.1).
Moreover, a high dispersion of nickel species in both Al-free samples is inferred from the
absence of NiO-related reflections in their respective high-angle XRD patterns (Fig.
S16b).

The nickel speciation in these samples after activation in flowing N> at 300 °C for 3 h
was studied by low-temperature FTIR-CO. The corresponding deconvoluted spectra in
the Ni-carbonyl region are presented in Fig. 7. As expected from the absence of Al in
these samples, their FTIR-CO spectra lack the component of ion-exchanged Ni** species
at 2207 cm’™!. It can also be seen that Ni-Si-M41, with an ordered mesoporous structure,
presents the IR bands associated to Ni** ions both grafted on silanols (2191 cm™) and at
the surface of small NiO nanoparticles (2183 and 2174 cm™'). Distinctly, the non-ordered
NiO-Si10; sample exhibits only the IR bands of small NiO nanoparticles at 2183 and 2174
cm’!. According to STEM (Fig. S17), the size of NiO nanoparticles in NiO-SiO2 (2 — 5
nm) was similar to that of NiO in xNi/Al-M41 (Fig. 2). Interestingly, the IR bands of
grafted Ni*" species and of small NiO nanoparticles in Ni-Si-M41 and NiO-SiO- appeared
shifted towards lower frequencies compared with the equivalent bands in the Al-
containing xNi/Al-M41 catalysts peaking at, respectively, 2197 and 2185 cm™ (Fig. 3). A
similar behavior was observed for the Ni>*-CO band at 2197 cm™ in Ni catalysts dispersed
on Al-beta and Si-beta zeolites [36]. Notice that a fair comparison of the frequency of the
NiO component at ca. 2174 cm™ between the pure silica and the Al-containing samples
cannot be made due to its overlapping with the strong IR band of CO adducts with
Bronsted acid sites in the later. Moreover, the IR band of Ni?" grafted on silanols
experienced a larger blue shift (6 cm™) than that of Ni* in sub-4 nm NiO (2 cm™!) when
present in the pure-silica carriers. The lower frequency of the Ni>"-CO IR bands indicates
that the associated Ni?* species in the Al-free samples exhibit a weaker Lewis acidity (i.e.,

a lower electrophilic character) than when present in the aluminosilicate A1-M41 support.
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Fig. 7. Deconvoluted FTIR spectra in the nickel carbonyl region at intermediate CO

coverage for Al-free Ni-Si-M41 and NiO-Si0; samples after thermal treatment in flowing

N> at 300 °C for 3 h.

Next, the ethylene oligomerization activity of the Al-free Ni-based catalysts was assessed
in the microreactor-MS setup at 120 °C, 1 bar total pressure (0.95 bar ethylene balanced
by Ar), and WSHYV of 33 h'!. The evolution with TOS of the intensity of the mass spectral
signal of butenes (m/z = 56) for Ni-Si-M41 and NiO-SiO, samples is presented in Fig. 8
and confronted against the results obtained for the low-loaded 1Ni/Al-M41 catalyst
displaying the lowest activity among the impregnated xNi/Al-M41 series (Fig. 3). In
comparison with 1Ni/Al-M41, the two Al-free samples were remarkably less active.
Among the two Al-free materials, Ni-Si-M41 comprising both Ni*" grafted on silanols
and small NiO nanoparticles showed a higher activity than NiO-SiO» containing small
NiO nanoparticles as the only nickel species, in spite of the higher Ni content in the later.
From these results, one might conclude that the reactivity of Ni** grafted on silanols
should be higher than that of small NiO nanoparticles, a trend that seems compatible with
the higher Lewis acidity of the former species inferred from the higher frequency of the
associated IR band (2197 vs. 2185 cm™'). Unfortunately, the lack of molar extinction
coefficients for the corresponding nickel-carbonyl IR bands prevents us to quantify the
amount of each type of Ni?* species accessible on the surface of catalysts and, therefore,
to establish a fair comparison of their intrinsic reactivity (per Ni site) towards ethylene.

Furthermore, the results in Fig. 8 evidenced a higher reactivity in the pseudo-steady state
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of the Ni?* species grafted on silanols and at the surface of small NiO nanoparticles when
dispersed in the aluminosilicate AI-MCM-41 matrix in comparison with the pure silica

carriers.
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Fig. 8. Evolution of the mass spectral signal of butenes (m/z = 56) with TOS for the Al-
free Ni-Si-M41 (1.7 wt% Ni) and NiO-SiO2 (2.7 wt% Ni) samples. For comparative
purposes, the curve for the 1Ni/Al-M41 catalyst (1.3 wt% Ni) is also included. Reaction
conditions: 120 °C, 1 bar total pressure (0.95 bar ethylene + 0.05 bar Ar), and WHSV of
33 hl.

3.3.3. Interaction between Ni and Al species in Ni-AI-MCM-41 catalysts

The higher frequency of the IR bands associated to Ni** in silanols (2197 cm™) and in
small NiO nanoparticles (2185 cm™) in xNi/Al-M41 with respect to pure silica carriers
(2191 cm™ and 2183 cm™!, respectively) point towards some kind of interaction between
the Ni?* species and the aluminosilicate matrix promoting the activity of the former. In
order to gain some insights into the effect of Al, we performed quantitative ’Al MAS
NMR spectroscopy on fully hydrated xNi/Al-M41 samples. The normalized spectra for
the bare Al-M41 support and the xNi/Al-M41 samples loaded with different amounts of

Ni are given in Fig. 9.

As anticipated, the spectrum of the bare Al1-M41 carrier shows a main signal at chemical
shift of ~ 52 ppm assigned to framework Al species in a tetrahedral coordination (A1'Y) ,

along with a less intense signal at ~ 0 ppm of six-coordinated Al species (AlY') in
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extraframework positions, representing about 30% of the total Al signal. As observed in
Fig. 9, the incorporation of Ni species induced a gradual decrease in the intensity of the
two Al signals up to a Ni concentration of 2.8 wt%. At this nickel content, the integrated
intensity of the framework AI'Y signal was reduced by about 45% with respect to the
pristine Al-M41 support, while that of the extraframework AlY! species practically
vanished. Increasing further the nickel content in the xNi/Al-M41 samples up to 9.8 wt%

did not produce additional changes in the Al signals.

v
ki —— Al-M41
52 —— INi/AI-M41
——3Ni/Al-M41

——5Ni/Al-M41
—— 10Ni/Al-M41

Fig. 9. 2?A1 MAS NMR spectra of the bare Al-M41 matrix (spectrum 1) and the xNi/Al-
M41 catalysts (spectra 2 to 5 in increasing order of Ni loading from 1.3 to 9.8 wt%). The

spectra are normalized to sample weight.

The observed reduction of the two Al signals in the presence of nickel could be explained
by the close interaction of the Al nuclei with neighboring Ni species with a strong
paramagnetic character as a consequence of strong electron-nucleus coupling and short
nuclear relaxation times [32,37]. In this regard, small NiO nanoparticles (< 20 nm) are
known to exhibit a superparamagnetic behavior, more pronounced at decreasing particle
sizes, attributed to the combined effects of lattice distortion and missing bonds affecting
their atomic configuration [38,39]. On the other hand, Ni(II) complexes may adopt high-
spin (S = 1) or low-spin (S = 0) states depending on the ligand field environment
determining their geometrical structure [40] and thus can be paramagnetic or diamagnetic.

In Ni-aluminosilicates, isolated Ni** species were predicted by DFT to be more stable in
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the low-spin state, adopting a four-coordinated square planar geometry with two oxide
ions of the aluminosilicate framework serving as two of the four ligands [14], and would
thus exhibit diamagnetic properties. Considering this, we tentatively attribute the
reduction in the intensity of the Al signals observed in the 2?A1 MAS NMR spectra of
xNi/Al-M41 to the interaction of the accessible Al nuclei with nearby paramagnetic small
(sub-4 nm) NiO nanoparticles confined within the mesochannels. The fact that a
significant fraction of the Al" species appeared unaffected by the presence of nickel can
be attributed to their location at inaccessible positions inside the mesopore walls [41,42].
For instance, in the case of an AI-MCM-41 sample with Si/Al ratio ~ 11, only about 55%

of Al atoms were seen to be on the channel surface and thus accessible for catalysis [42].

Further evidence for the interaction between aluminum and nickel species was obtained
by FTIR analysis in the OH stretching vibration region after CO adsorption of the
activated AI-M41 support and xNi/Al-M41 catalysts. Upon interaction with an OH group,
the weak CO base forms an OH---CO adduct that induces a red shift of the O-H stretching
vibration (Av) of silanols, Brensted acid sites (Si-OH-Al), and extraframework Al-OH
species, which extent increases with the acid strength of the concerned OH group. As
observed in the difference spectra shown in Fig. 10, the shift decreased in the order:
Bronsted acid sites (Av=316 cm™) > Al-OH (Av=223-230 cm™!) > silanols (Av= 98 cm

1, as anticipated from their decreasing acid strength.
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Fig. 10. FTIR difference spectra in the OH stretching region after CO adsorption on
activated Al-M41 (solid blue line) and 10Ni/Al-M41 sample (short dotted red line) at low

CO coverage. The IR spectra were normalized by sample overtone area.

Interestingly, the AI-OH band in the 10Ni/Al-M41 catalyst experienced a lower shift (Av=
223 cm!) than in the Ni-free AI-M41 carrier (Av=230 cm™"), revealing a lower acidity of
the hydroxyl group of AI-OH species (hence, a lower Lewis acid strength of the

extraframework AI’"

cation) in the Ni-containing sample. This fact might be explained in
terms of an electronic charge transfer to the Lewis acid AI** cations from the Lewis basic
oxygen atoms linked to nearby Ni** species, which could account, at least in part, for the
observed red shift of the related Ni**-carbonyl IR bands in the aluminosilicate Al-M41

with respect to the pure silica samples.

The electronic interaction between the Lewis acid AI** and Ni?" cations through the basic
oxygen nickel ligands is schematically exemplified in Fig. 11 for the Ni*" species grafted

on silanols as one of the possible mechanisms for the promoting effect of Al species.

"
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Fig. 11. Schematic illustration of the electronic interaction between electron-withdrawing
AI** species and vicinal oxygen atoms of silanol groups enhancing the Lewis acidity of

grafted Ni" sites.

Overall, the 2’ Al MAS NMR and FTIR results discussed before sign for a close interaction
between the Al species in the aluminosilicate matrix and the Ni*" species in the xNi/Al-
M41 catalysts enhancing the Lewis acid strength of the later. This interaction might
explain, at least in part, the higher reactivity of the unsaturated Ni** species grafted in

silanols and on the surface of small confined NiO nanoparticles, suggested here as the
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active nickel species in working Ni-Al-MCM-41 catalysts, in comparison with Ni on

silica carriers.

4. CONCLUSIONS

In this work, we applied in situ time-resolved FTIR spectroscopy of adsorbed CO in
combination with reaction kinetics (both at 120 °C and 1 bar) to elucidate the nature of
active nickel sites in Ni/AI-MCM-41 catalysts (1.3 — 9.8 wt% Ni) during the
oligomerization of ethylene. These experiments revealed a fast initial decline in activity
due to the rapid blockage of ion-exchanged Ni** species (IR band at 2207 cm™), the
previously assumed active sites, by irreversibly adsorbed hydrocarbon species.
Consequently, only Ni*" ions grafted on silanols and at the surface of small in-pore NiO

! remain

nanoparticles characterized by, respectively, IR bands at 2197 and 2185 cm’
available for reaction and are thus proposed here as the active nickel species operating in
the pseudo-steady state. At identical reaction conditions, however, these nickel species
exhibited a remarkably lower steady state activity when present in pure silica materials in
comparison with Ni/AI-MCM-41 catalysts with equivalent Ni loading. Moreover, FTIR-
CO spectroscopy showed a shift towards lower frequencies of the nickel carbonyl IR
bands associated to grafted Ni*" ions and in-pore NiO nanoparticles in the pure silica
materials with respect to the aluminosilicate counterparts. This result indicated a lower
Lewis acid strength of the nickel species in all-silica catalysts and evidenced a crucial
role of Al species in the aluminosilicate matrix in promoting the Lewis acidity and,
consequently, the catalytic activity of the proposed active nickel sites. In this regard, both
quantitative 2’A1 MAS NMR and FTIR in the OH region after CO adsorption evidenced
a close interaction between Al and Ni species in Ni/Al-M41. As one of the possible
promotion mechanisms, FTIR revealed a synergic electronic effect of Lewis acid

13+

extraframework Al** species by which the electron density of nearby Ni*" ions is reduced

enhancing their electrophilic character (i.e., Lewis acid strength) and, as a result, their

ability to coordinate and activate ethylene at mild conditions.
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Table S1. Initial (TOS = 1 min) and pseudo-steady state (TOS = 60 min) carbon number
distribution of oligomers (in wt%) for xNi/Al-M41 catalysts with different Ni content in
the ethylene oligomerization experiments performed at 120 °C, 1 bar total presure (0.95
bar ethylene, balanced by Ar), and WHSV of 33 h'l. No products higher than Cs were

found at these reaction conditions.

INi/Al-M41  3Ni/Al-M41  5Ni/Al-M41  10Ni/Al-M41

Initial SS?* Initial SS?* Inittal SS?* Initial SS?

Xetny® (%) 71 21 90 28 103 3.1 108 32

Oligomer

distribution (wt%)

Cs™ 8.4 920 875 918 878 91.7 877 914
Cs 1.5 0.3 1.3 0.2 1.1 0.2 1.1 0.2
Ce 7.1 6.7 8.1 7.0 8.3 6.8 8.3 7.2
Cr 0.6 0.0 0.6 0.0 0.5 0.0 0.5 0.0
Cs 24 1.0 2.5 1.0 23 1.3 24 1.2

2 §S: pseudo-steady state. ® Conversion of ethylene.
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Table S2. Carbon number distribution of oligomers (in wt%) in the pseudo-steady state
for xNi/Al-M41 catalysts obtained in the high-pressure ethylene oligomerization
experiments. Reaction conditions: 120 °C, 35 bar total presure (26 bar ethylene, balanced

by Ar), and WHSV of 10 h'!.

Catalyst INi/Al-M41  3Ni/Al-M41  5Ni/Al-M41  10Ni/Al-M41
Xethyl (%0) 41.6 77.8 91.2 92.7
Oligomer

distribution (wt%)

Cs™ 60.7 56.8 49.8 41.6
Cs 0.4 0.4 0.5 0.4
Ce 9.9 13.3 15.5 16.0
Cr 0.2 0.2 0.2 0.2
Cs 8.4 11.8 13.7 13.3
Co~ 0.5 0.4 0.4 0.3
Cio~ 7.3 8.8 10.3 11.8
Ci~ 0.5 0.2 0.2 0.3
Ci2” 7.2 4.6 5.1 9.5
Cize 4.9 3.5 4.3 6.6
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Fig. S1. Reproducibility of catalytic experiments at high and ambient pressure conditions

over selected xNi/Al-M41 catalysts.

A) Ethylene conversion-TOS curves (a) and product distribution in the steady state (b) at
120 °C, 35 bar, and WHSV of 10 h™! for catalyst S5Ni/Al-M41.
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B) Ethylene conversion-TOS curves (a) and product distribution in the steady state (b) at
120 °C, 1 bar, and WHSV of 33 h'! for catalyst 10Ni/Al-M41.
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Fig. S2. Low-angle XRD patterns of Al-M41 support and impregnated xNi/Al-M41
catalysts with different Ni loading.
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Fig. S3. Nitrogen adsorption isotherms (a) and BJH-KJS pore size distributions (b) for
the Al-M41 carrier and xNi/Al-M41 catalysts. For the sake of clarity, the isotherms for
samples INi/Al-M41, 3Ni/Al-M41, 5Ni/Al-M41, and 10Ni/Al-M41 have been up-shifted
by, respectively, 110, 194, 320, and 451 cm®/g.

a) b)
900
800 |- . 3.54
10N/AI-M 41

= 700 354
= 5Ni/AI-M41 _
£ 10Ni/A-M41
S 600 363
3 3
2 50l INI/AI-M41 2 | fies SR —
2 s
kS T
o 400 3NI/AI-M41
£ 3.77
=}
S 1Ni/AI-M41
9 300

200

ALM41
100 1 1 1 1 L 1 1 L
00 02 04 06 08 3 4 5 6 7 8
Relative pressure (P/P ) Pore diameter (nm)

39



Fig. S4. High-angle XRD patterns of impregnated xNi/Al-41 catalysts with different Ni

loadings.
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Fig. S5. H>-TPR profile of NiO crystallites with average particle size of 30 nm physically
mixed with the AI-MCM-41 support to obtain a Ni content of 5 wt%.
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Fig. S6. Deconvoluted H>-TPR profiles for catalysts 1Ni/Al-M41 (1.3 wt% Ni), 3N1/Al-
M41 (2.8 wt% Ni), and SNi/AI-M41 (5.7 wt% Ni).
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Fig. S7. TEM image of NiO nanoparticles in the impregnated 1Ni/Al-M41 catalyst with

Fast Fourier Transform (FFT) analysis of a selected nanoparticle.

A lattice spacing of 0.209 nm was determined by FFT, in line with the theoretical value

(0.2084 nm) of the (200) plane of fcc-NiO nanoparticles.
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Fig. S8. a) FTIR spectra of adsorbed CO at increasing CO dosing (0.14 — 2.0 mbar) for

the impregnated 5Ni/Al-M41 sample; b) second derivative curves for selected spectra.
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Fig. S9. Deconvoluted FTIR-CO spectrum at CO saturation of Ni-carbonyls of an Al-free
Ni-Si-M41 sample (1.7 wt% Ni) prepared by grafting (see main text) after thermal

treatment in flowing N2 at 300 °C. Only the region of Ni-carbonyls is shown for the sake
of clarity.
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Fig. S10. Evolution with Ni loading of the integrated area of the different Ni**-CO IR
bands (ion-exchanged: 2207 cm™!, grafted on silanols: 2197 cm™, NiO: 2185 cm™) for
thermally treated (N2, 300 °C) xNi/Al-M41 catalysts assessed from the deconvoluted IR

spectra at CO saturation of Ni-carbonyl bands.
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Fig. S11. Ethylene conversion rate as a function of TOS (a) and of Ni loading at TOS of
1 min and > 60 min (b) for xNi/Al-M41 catalysts. Reaction conditions: 120 °C, 1 bar total
pressure (0.95 bar ethylene + 0.05 bar Ar), and WHSV of 33 h'l.
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Fig. S12. Evolution of ethylene conversion with TOS for xNi/Al-M41 catalysts at 120
°C, 35 bat total pressure (26 bar ethylene), and WHSV of 10 h™.
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Fig. S13. (a) FTIR spectrum at CO saturation of Ni-carbonyl bands for 5Ni/Al-M41

catalyst after 70 min of in situ reaction with ethylene at 120 °C and 1 bar, and (b) second

derivative curve.
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Fig. S14. FTIR spectra at CO saturation of Ni-carbonyl bands for 3Ni/Al-M41 catalyst

after the pretreatment in N> at 300 °C (0 min) and after 70 min of in situ reaction with

ethylene at 120 °C and 1 bar.
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Fig. S15. FTIR spectra in the C-H stretching (a) and bending (b) vibration regions for the
5Ni/Al-M41 catalyst after the thermal treatment at 300 °C (0 min) and after reaction with
ethylene at 120 °C and 1 bar for 1 and 70 min and subsequent evacuation of the cell at

120 °C for 1 h under dynamic vacuum of 107> mbar. The IR spectra were normalized by

sample overtone area.
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As shown in the figures, characteristic C-H stretching and bending IR bands of CH3 (Vas=
2960 cm!, vi=2870 cm!, 8= 1364 — 1380 cm’!, 8u5= 1440 — 1470 cm™') and CHz (Vas=
2926 cm™!, vi= 2855 cm!, 8= 1440 — 1470 cm™") groups are observed.
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Fig. S16. Low- (a) and high-angle (b) XRD patterns of Ni catalysts grafted on silica
materials: Ni-Si-M41 (1.7 wt% Ni) and NiO-SiO> (2.7 wt% Ni).
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Fig. S17. Representative STEM image showing the presence of small (2 — 5 nm) NiO
nanoparticles in the Al-free NiO-Si0, sample.
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