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ABSTRACT: Higher olefins produced via ethylene oligomerization are versatile commodity chemicals serving a vast range of 
industries with large global economic impact. Nickel-aluminosilicates are promising candidates to replace the homogeneous cata-
lysts employed in industrial ethylene oligomerization processes. Current poor understanding of the true nature of the active nickel 
centers and the nickel-mediated oligomerization mechanism in these materials, however, hampers the rational design of improved 
catalysts. Here we applied in situ time- and temperature-resolved FTIR spectroscopy with simultaneous MS analysis of products to 
disentangle these fundamental issues using nanocrystalline Ni-beta zeolite as catalyst. We elucidate that isolated Ni2+ cations graft-
ed on acidic silanols are the most likely active species in the working catalysts rather than the generally accepted ion-exchanged 
nickel cations. Based on our results, a plausible initiation mechanism involving a nickel-vinyl-hydride intermediate from which 
chain propagation proceeds similar to the Cossee-Arlman pathway is proposed.  
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INTRODUCTION  
Higher olefins produced through the oligomerization of eth-
ylene are key intermediates in the chemical industry for the 
manufacture of valuable products such as plasticizers, synthet-
ic lubricants, additives, and surfactants1-4. A major application 
of ethylene oligomers is their use as co-monomers in the pro-
duction of linear low-density polyethylene (LLDPE), a flexi-
ble polymer with an expanding market3-5. Although nowadays 
ethylene is primarily produced by steam cracking of oil-
derived naphtha fractions, the projected increasing capacity of 
ethane-based crackers using abundant low-cost ethane from 
shale gas will expectedly increase the availability of ethylene 
at a more competitive cost making its catalytic conversion to 
value-added chemicals and clean fuels even more attractive6-7. 
Nowadays, the oligomerization of ethylene is commercially 
carried out in homogeneous phase using suitable organic sol-
vents and transition metal complexes (Ti, Zr, V, Cr, Ni, etc.) 
as catalysts assisted by alkyl aluminum compounds (e.g. 
methylaluminoxane or MAO) acting as co-catalysts or initia-
tors1,5. The function of the co-catalyst in the homogeneous 
systems is to alkylate the metal center providing the first met-
al-carbon bond on which the oligomerization can then proceed 
through the classical Cossee-Arlman pathway (Scheme 1). 
According to this mechanism8-9, the alkyl chain grows by 
coordination of ethylene to a vacant site of the metal center 
and subsequent migratory insertion into the preexistent metal-
carbon bond. Then, desorption of the α-olefin product may 
take place via β-hydride elimination or β-hydride transfer (not 
shown in the scheme) restoring the Cossee-Arlman site as, 
respectively, metal-H or metal-ethene-H. 

 
Scheme 1. Cossee-Arlman mechanism proposed for the oligomeriza-
tion of ethylene on homogeneous catalysts. 

 
The environmental and technical issues associated to the 

homogeneous processes encourage the development of an 
alternative, more sustainable technology for ethylene oli-
gomerization relying on robust heterogeneous catalysts. In this 
regard, dual-functional materials comprised of nickel ions 
dispersed on acidic porous aluminosilicates such as mesopo-
rous amorphous silica-alumina10-14, Al-doped ordered mesopo-
rous silicas (e.g. Al-MCM-41, Al-SBA-15, and related materi-
als)15-20, and zeolites21-25 are the most prospective solid cata-
lysts so far investigated for this reaction. However, catalysts 
based on Ni dispersed on purely microporous zeolites such as 



 

X21, Y22, and MCM-2223 typically experience a fast deactiva-
tion due to the accumulation of heavy oligomers within the 
channels and cages. Differently, we recently reported a nano-
crystalline Ni-beta zeolite that exhibits a stable activity in 
ethylene oligomerization at industrially-relevant conditions24. 
This was ascribed to the lack of cages in the beta structure and 
to the enhanced transport rate of the bulky oligomers in the 
nanosized crystallites of Ni-beta catalysts24.  

On these heterogeneous Ni-based catalysts, ethylene is 
first activated and oligomerized on the nickel sites yielding 
mainly linear C4-C8 olefins that subsequently react on the 
Brønsted acid sites of the aluminosilicate carrier via classical 
carbocation chemistry increasing the average chain length and 
degree of branching of the final products. Tuning the balance 
between these two catalytic functions at the catalyst synthesis 
stage endows these materials with the possibility to alter, to a 
certain extent, the product slate to suit market requirements. 

The detailed knowledge of the structure of active sites and 
the reaction mechanism in heterogeneous catalysis is essential 
to the rational design of improved catalytic materials. In the 
case of ethylene oligomerization catalyzed by nickel-
aluminosilicates, both the nature of the active nickel species 
and the nickel-mediated initiation-oligomerization mechanism 
are still subjects of controversy. As for the active sites, isolat-
ed ion-exchanged nickel cations, i.e. those replacing H+ in 
bridged Si-OH-Al groups of the acidic aluminosilicate carrier, 
are widely assumed to be the active species2,13,15,19,24-26, alt-
hough their oxidation state has been extensively debated. 
Thus, even though in most previous studies monovalent nickel 
ions were postulated as the most likely active sites16,21,27-32, 
more recent spectroscopic24,25,33,34 and computational26 works 
advocate for divalent nickel as the active nickel species. 
Moreover, for Ni-aluminosilicates with low density of frame-
work Al sites (i.e. high Si/Al ratio), where the presence of two 
nearby H+ seems unlikely, isolated (Ni-OH)+ moieties grafted 
onto exchange sites have also been recently proposed as cata-
lytically active species35. Whatever their oxidation state, the 
assignment of ion-exchanged nickel ions as the unique active 
sites seems questionable to us at the view of our recent results 
reporting a mismatch between their concentration and the 
activity for ethylene oligomerization in different Ni-
aluminosilicates compared at identical reaction conditions33. 
Moreover, a general consensus about the mechanism by which 
ethylene is activated and oligomerized on the nickel-based 
heterogeneous catalysts without requiring the intervention of 
co-catalysts has not yet been reached and distinct conflicting 
views are found in the recent literature. In this respect, the 
Cossee-Arlman pathway was indicated as the most probable 
mechanism operating in different heterogeneous nickel-based 
catalysts based on kinetic studies13,25,36, isotopic labeling ex-
periments37, and Density Functional Theory (DFT) calcula-
tions26,37. A central question in the Cossee-Arlman pathway 
over Ni-aluminosilicates is how the required Ni-H (or Ni-
ethene-H upon insertion of ethylene into the Ni-H bond) spe-
cies, the so-called Cossee-Arlman centers, are generated upon 
interaction of ethylene with the nickel sites. In this regard, 
several possible routes leading to a Cossee-Arlman site have 
been suggested, among which the reaction between a neutral 
nickel atom26 or a nickel cation at an ion exchange position13 
with a Brønsted acid site of the acidic carrier, and through a 
pathway initiated by proton-transfer encompassing the crea-
tion of a new Brønsted acid center and the desorption of buta-
diene26 (see Scheme S1 for details), are worth of mention. An 

additional possible route for the formation of Cossee-Arlman 
centers involving the reaction of ethylene with (Ni-OH)+ spe-
cies, lately proposed as active sites in high Si/Al ratio Ni-Al-
MCM-41 catalysts35, has also been suggested on the basis of 
DFT calculations26. However, by analogy with similar (Cu-
OH)+ species present in Cu-exchanged zeolites38, the authors 
questioned whether the (Ni-OH)+ centers would persist after 
the standard high temperature catalyst pretreatment under inert 
atmosphere or decompose to Ni+ via “self-reduction” upon 
losing the OH ligand26. Nevertheless, none of the suggested 
pathways resulting in Ni-H sites were conclusive or confirmed 
by direct experimental observations. Alternatively, an oli-
gomerization mechanism initiated by the oxidative coupling of 
two ethylene molecules coordinated at an isolated nickel ion 
involving the formation of metallacycles as intermediates has 
also been proposed15 (Scheme S2).  

Definitively solving these fundamental questions will be 
crucial to devise suitable strategies for designing more effi-
cient heterogeneous nickel-based catalysts with better chance 
for industrial implementation. To this aim, in this work we 
first combined catalytic experiments with online analysis of 
products by mass spectrometry (MS) and in situ FTIR-CO 
spectroscopy with unprecedented high temporal resolution in 
the very early stages of the reaction to uncover the structure of 
the active Ni sites during the oligomerization of ethylene on 
nanocrystalline Ni-beta catalysts24. Next, we performed tem-
perature-resolved FTIR under flowing ethylene while simulta-
neously monitoring the desorbed gas phase products by online 
MS to derive, for the first time relying on experimentally 
detected intermediates, a plausible mechanism for the initial 
activation and oligomerization of ethylene on the active nickel 
sites.  

 
EXPERIMENTAL SECTION 
Preparation of Ni-beta catalysts. Ni-beta catalysts with 
nickel loadings ranging from 1 to 10 wt% were prepared by 
incipient wetness impregnation of a commercially available 
nanocrystalline H-beta zeolite (CP811, Zeolyst, atomic Si/Al 
ratio of 13, crystallite size 20-25 nm) with an aqueous solution 
containing the required amount of Ni(NO3)2·6H2O precursor 
(Sigma-Aldrich, >97% purity) to achieve the targeted Ni load-
ing. After impregnation the samples were dried at 100 °C 
overnight and subsequently calcined under flowing air at 550 
°C for 3 h using a heating rate of 1 °C/min. The air-calcined 
materials are labeled as xNi-beta, where x stands for the nomi-
nal nickel loading in wt%. The main physicochemical proper-
ties ofxNi-beta catalysts were reported elsewhere24. 
Catalytic activity. Ethylene oligomerization experiments 
were carried out at ambient pressure under differential conver-
sions conditions (<2%) in a continuous glass fixed bed reactor 
with very low dead volume operated at 120 °C, 0.95 bar of 
ethylene (balanced by Ar) and space velocity of 33 h-1. These 
conditions were purposely applied so as to minimize the con-
tribution of acid catalysis and, thus, the formation of long 
chain products. The reactor was loaded with ca. 100 mg of 
catalyst with a pellet size of 0.2-0.4 mm diluted with SiC 
granules (0.6-0.8 mm size) so as to obtain a constant bed vol-
ume of 1 cm3. Prior to the catalytic experiments, the catalyst 
was pretreated in situ under flowing N2 (20 cm3/min) at at-
mospheric pressure and 300 °C for 3 h. Afterwards, the reactor 
was cooled down to the reaction temperature of 120 °C under 
N2 flow. Then, the N2 flow was stopped and the required flow 



 

of the reactant gas mixture comprising 95 mol% ethylene and 
5 mol% Ar (used as internal standard for GC analyses) was 
established through the reactor and kept flowing for a period 
of ca. 100 min on stream once the catalyst reached a pseudo-
steady state behavior. Reaction products were continuously 
monitored by online MS with a Balzer (QMG 220M1, Om-
nistar) mass spectrometer running in the multi-ion monitoring 
mode (MID) using preselected m/z values (Table S1). Mass 
spectral analyses were performed in a qualitative mode due to 
the high complexity of the mass fragmentations hampering a 
quantitative assessment of product concentrations. In order to 
obtain quantitative catalytic data, representative samples of the 
gaseous products were collected at specific reaction times and 
analyzed offline in a Bruker 450 gas chromatograph equipped 
with a capillary column (BR-1 FS, 50 m x 0.25 mm x 0.5 μm), 
two packed columns (Hayesep Q, and Molecular Sieve 13 X), 
and both TCD and FID type detectors. 
In situ time-resolved FTIR and FTIR-CO surface titration 
studies. Infrared spectra were recorded in a Nexus (Thermo) 
8700 FTIR spectrometer using a DTGS detector and acquiring 
at 4 cm−1 resolution. A commercial Aabspec cell, allowing for 
in situ treatments in controlled atmospheres and spectra acqui-
sition in the temperature range from -176 °C to 500 °C, was 
employed in these experiments. Before spectra acquisition, the 
calcined xNi-beta samples were pressed into self-supported 
wafers of ca. 10 mg/cm2 and thermally treated in situ at 300 °C 
for 3 h in flowing N2 (20 cm3/min), mimicking the in-reactor 
pretreatment performed prior the catalytic tests. Afterwards, 
the temperature in the IR cell was lowered to 120 °C (the 
applied reaction temperature), and the gas flow switched from 
N2 to pure ethylene. Then, the ethylene flow was stopped at 
the selected time (10 s, 8 min, 30 min, and 70 min) and the 
sample was immediately evacuated to 10-1 mbar using a rota-
tory pump and subsequently to 10-5 mbar using a turbomolecu-
lar pump while maintaining the temperature at 120 ºC for 1 h. 
At this point, the FTIR spectra were acquired in order to study 
the nature and stability of the adsorbed species. Subsequently, 
for the FTIR-CO titration of the surface nickel species, the 
sample was cooled down to -176 °C under dynamic vacuum of 
10-5 mbar and CO dosed at increasing pressures (0.1-2.0 
mbar). The FTIR spectrum was recorded following each dose 
until CO saturation. Deconvolution of the IR spectra was done 
using the ORIGIN software keeping the FWHM for a given 
peak constant between samples. For comparative purposes, the 
IR spectra were normalized by sample overtone area in the 
2104-1746 cm-1 frequency range.  
XPS measurements. X-ray photoelectron spectroscopy (XPS) 
measurements were performed on a SPECS spectrometer with 
a 150 MCD-9 detector and using a non-monochromatic AlKα 
(1486.6 eV) X-ray source. Spectra were recorded using ana-
lyzer pass energy of 30 V, an X-ray power of 100 W and un-
der an operating pressure of 10-9 mbar. Spectra treatment was 
performed using the CASA software. Binding energies (BE) 
were referenced to C1s peak at 284.5 eV. XP spectra were 
recorded both after in situ pretreatment of 5Ni-beta sample in 
flowing N2 at 300 ºC for 3 h and after in situ reaction with 
flowing ethylene (5 cm3/min) at 120 ºC for 2 h in a high pres-
sure catalytic cell (HPC) connected to the spectrometer cham-
ber. 
In situ temperature-resolved FTIR spectroscopy coupled to 
online MS analysis of desorbed products. For the mechanis-
tic studies, a homemade FTIR cell allowing in situ treatments 

in controlled atmospheres and spectra acquisition in the tem-
perature range from -176 °C to 500 °C has been used. A self-
supported wafer (ca. 10 mg/cm2) of calcined 5Ni-beta catalyst 
was introduced in the cell and activated in situ at 300 °C for 3 
h in flowing N2 (20 cm3/min), followed by evacuation at the 
same temperature for 1 h and cooling down to -100 °C under 
dynamic vacuum. At that temperature ethylene was dosed at a 
pressure of 1.5 mbar and kept at this pressure until the comple-
tion of the experiment. FTIR spectra were then acquired at -
100 °C and at increasing temperatures up to 120 °C under 
flowing ethylene. Parallel to the acquisition of FTIR spectra 
the gaseous products leaving the IR cell were continuously 
analyzed by online MS in a Balzer (Omnistar) mass spectrom-
eter connected to the IR cell via a fine capillary tube. 

 
RESULTS AND DISCUSSION 
Elucidation of the active nickel sites in Ni-beta catalysts at 
work. In the first part of the present study we elucidate the 
structure of the active nickel sites in Ni-beta catalysts at work 
by confronting the time-evolution of the catalytic activity and 
surface nickel species at 120 °C and ambient pressure with an 
exceptionally high temporal resolution in the very initial reac-
tion stages. Figure 1 depicts the change in intensity with time-
on-stream (TOS) of the mass spectral signal of butenes, the 
predominant products at the applied conditions (selectivity 
exceeding 80%), for the 5Ni-beta catalyst. This catalyst exhib-
ited the highest ethylene oligomerization activity among the 
series of Ni-beta samples with Ni contents ranging from ca. 1 
to 10 wt% under industrially-relevant high pressure reaction 
conditions (120 °C, 35 bar)24. Note in Figure 1 that the low 
dead volume reactor-MS setup employed here allowed us to 
qualitatively follow the change in catalytic activity from true 
zero TOS. As observed in Figure 1, the activity is maximal at 
the start of the reaction and then rapidly declines during the 
first 20 min on stream followed by a smoother decay until a 
pseudo-steady state is attained at TOS above 60 min. The 
qualitative activity trend derived from the continuous monitor-
ing of the MS signal of butenes matches well that observed for 
the ethylene conversion rates (quantified by offline GC anal-
yses at selected TOS) and is common to all Ni-beta samples 
irrespective of Ni loading (Figure S1a). It should be pointed 
out that the ethylene conversion rates displayed by the Ni-beta 
catalysts at atmospheric pressure are about one order of mag-
nitude lower than those achieved at 35 bar, as one might ex-
pect from the positive kinetic effect of the ethylene partial 
pressure on the oligomerization rate2,13,17,39. Notwithstanding 
the differences in activity, the Ni-beta samples exhibit the 
same dependency of the conversion rate with nickel loading at 
both 1 and 35 bar, translating into a fairly good linear correla-
tion between the steady state reaction rate at these two pres-
sures (Figure S1b). This observation strongly points toward 
the same structure for the active nickel species in the working 
catalysts regardless the reaction pressure, thus validating our 
experimental approach combining reaction kinetics and in situ 
FTIR spectroscopy at ambient pressure to disentangle the 
nature of the active nickel species. Moreover, the absence of 
an induction period in the activity-TOS curves (Figure 1 and 
Figure S1a) suggests that the active nickel species are not 
formed in situ upon contacting the Ni-beta catalysts with eth-
ylene at the studied reaction conditions.   

Intriguingly, the online MS analyses of gas phase products 
revealed the formation of ethane and butane at the very begin-



 

ning of the oligomerization reaction (see inset to Figure 1) in 
the absence of any external source of H2. In fact, a non-
negligible amount of H2 was detected in the gaseous products 
by GC during the initial reaction stages concurring with the 
formation of the mentioned saturated hydrocarbons (Figure 
S2). These aspects will be further discussed later at the view of 
the results of temperature-resolved FTIR experiments. Fur-
thermore, taking into account the very small crystallite size 
(20-25 nm) of the Ni-beta catalysts and the absence of oligo-
mers higher than C8 in the product stream of the ambient pres-
sure catalytic experiments, diffusion-related issues and/or 
extensive pore blockage by retained bulky oligomers can 
hardly account for the observed initial deactivation. Instead, 
the initial decline in activity is likely related to changes in the 
concentration and/or the nature of the available nickel species, 
as will be shown next based on time-resolved FTIR-CO spec-
troscopy. 

 

 

Figure 1. Evolution of the mass spectral m/z signals of the main 
reaction product butenes (m/z= 56), and the minor products ethane 
(m/z= 30) and butane (m/z= 58) with time-on-stream (TOS) during 
the reaction of ethylene with 5Ni-beta at 120 °C, 1 bar, and WHSV of 
33 h-1. 

 
The nickel speciation during the in situ reaction of eth-

ylene with 5Ni-beta in the FTIR cell at the same conditions 
employed in the catalytic experiments (120 °C, 1 bar) was 
investigated by low temperature (-176 °C) FTIR-CO at select-
ed reaction times, with the first spectrum being recorded just 
10 s after the start of the reaction. The time-resolved FTIR-CO 
spectra at saturation coverage of Ni-carbonyl bands are shown 
in Figure 2. The spectrum corresponding to the state of the 
5Ni-beta catalyst prior to reaction (zero TOS, spectrum a in 
Figure 2) shows low-frequency components at 2175, 2166, 
and 2157 cm-1 ascribed to CO adducts with, respectively, 
Brønsted acid sites, aluminols, and silanols, and a signal at 
2132 cm-1 attributed to CO interacting with the catalyst surface 
via its oxygen atom40-42. An IR band at 2143 cm-1 of physically 
adsorbed CO is also evident in the spectrum of fresh 5Ni-beta. 
All the above IR bands were also present in the FTIR-CO 
spectrum of the bare nanocrystalline H-beta zeolite33. Focusing 
on the nickel-carbonyl region of interest, the most intense IR 
bands are clearly those peaking at 2214 and 2205 cm-1 of CO 
adsorbed on isolated Ni2+ ions counterbalancing the negative 
charge of the zeolite framework (i.e. at ion exchange posi-
tions)33,42-44, that is, the nickel species generally considered as 

the active sites in Ni-aluminosilicate catalysts2,13,15,19,25,26. The 
different CO vibration frequency for these two ion-exchanged 
Ni2+ cations signs for a distinct electron accepting capability 
(i.e. Lewis acid strength) and likely reflects their location at 
exchange sites in different crystallographic positions within 
the complex intergrowth structure of zeolite beta45. Additional-
ly, a component at 2196 cm-1 attributed to isolated Ni2+ cations 
grafted on acidic silanols33,44,46, such as those associated to 
internal defects or stacking faults abundantly present in nano-
crystalline beta24,47, is also seen in the spectrum of the pre-
reacted sample (Figure 2, spectrum a). Likewise, a weak com-
ponent at 2150 cm-1 of CO coordinated to unsaturated Ni2+ 
ions on the surface of bulk-like NiO particles33,44 can be per-
ceived at low CO coverages (Figure S3), in consistence with 
the detection by XRD of NiO-related peaks in this sample24. 
Bulk-like NiO particles, however, are widely regarded as 
inactive in ethylene oligomerization2,18,25. At this point, it 
should be mentioned that we did not find clear evidences for 
the presence of (Ni-OH)+ species in fresh 5Ni-beta, as indicat-
ed by the absence of an IR component at about 3630-3650 cm-

1 in the OH stretching region38,48 prior CO adsorption (Figure 
S4). Furthermore, IR components at 2138 and 2095 cm-1 char-
acteristic of Ni+(CO)2 adducts24,42 were not discerned even at 
low CO coverage and, thus, only divalent nickel ions are con-
cluded to exist on the surface of 5Ni-beta in its pre-reacted 
state, that is, after the thermal treatment in flowing N2 at 300 
°C preceding catalysis.  

 
Figure 2. Time-resolved low-temperature FTIR-CO spectra (at CO 
saturation of Ni-carbonyl bands) for 5Ni-beta catalyst in its pre-
reacted state (a) and after reaction with ethylene at 120 °C and 1 bar 
for 10 s (b), 8 min (c), 30 min (d), and 70 min (e). The deconvoluted 
spectrum a corresponding to the fresh catalyst is shown at the top-
right side for better visualization of the individual IR components. 

 
As seen in Figure 2, a remarkable reduction in the intensity 

of the IR bands of isolated Ni2+ species is noticed already after 
10 s of reaction. The decrease in intensity is particularly dras-
tic for the bands at 2214 and 2205 cm-1 associated to ion-
exchanged Ni2+ cations, for which their higher frequency 
relative to the other Ni2+-related bands clearly signs for a 
stronger Lewis acidity. The intensity of these bands continues 
decreasing with time and becomes almost negligible after 30 
min of reaction. Total extinction of the IR bands of CO inter-
acting with ion-exchanged Ni2+ ions has also been recently 
reported upon exposing a microcrystalline Ni-H-beta (2.2 wt% 
Ni) catalyst to ethylene flow at 150 °C for 30 min25. However, 
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these authors assigned the ion-exchanged Ni2+ species the role 
of active sites notwithstanding the significant activity exhibit-
ed by the catalyst even after 300 min of reaction at standard 
conditions (T= 120 °C, PC2H4= 25.1 bar)25. As seen in Figure 2, 
no further changes in the intensity of the Ni2+-related bands are 
apparent in the reaction period of 30-70 min, during which 
isolated Ni2+ ions grafted on silanols (IR band at 2196 cm-1) 
are practically the only nickel species remaining on the surface 
of 5Ni-beta (excluding those associated to catalytically-
inactive bulk-like NiO nanoparticles). It is worth noting that 
the IR band at 2175 cm-1 experiences, as observed for the Ni-
related bands, a significant decline in intensity with reaction 
time (Figure 2), indicating that ethylene also interacts with the 
surface Brønsted acid sites of 5Ni-beta at the investigated 
conditions. 

The obvious parallelism between the initial decline in ac-
tivity and the reduction in intensity of the Ni2+-CO bands, 
particularly of those linked to ion-exchanged Ni2+ species, 
clearly points toward a close relationship between both phe-
nomena. This observation also suggests that the ion-exchanged 
Ni2+ species, whose associated IR carbonyl bands exhibit the 
highest frequency and intensity among the Ni-related bands in 
the pre-reacted 5Ni-beta sample (Figure 2a), are probably 
those contributing the most to the initial high activity. At this 
point, it should be noted that monovalent Ni+ ions, absent in 
the fresh sample, readily formed during the catalytic reaction, 
as corroborated by the observation of their characteristic di-
carbonyl bands at 2138 and 2095 cm-1 at low CO coverage 
(Figure S5). Formation of Ni+ species can be accounted for by 
reduction of Ni2+ with ethylene, as previously reported49,50. 
However, the fact that the intensity of the Ni+-related carbonyl 
bands and the catalyst activity evolve oppositely with the 
progress of the reaction strongly points toward their role as 
spectators rather than as true active sites. On the other hand, 
detection by FTIR-CO spectroscopy of metallic Ni species, 
characterized by their monocarbonyl (Ni0-CO) and dicarbonyl 
(Ni0-(CO)2) bands at 2072-2068 cm-1 and 2090 cm-1, respec-
tively, is not straightforward due to overlapping with the band 
at 2095 cm-1 of Ni+-(CO)2 species42. Therefore, we applied X-
ray photoelectron spectroscopy (XPS), a highly sensitive sur-
face technique, in order to ascertain whether Ni0 species were 
present in the 5Ni-beta catalyst. Figure 3 shows the deconvo-
luted Ni2p3/2 XP spectra for 5Ni-beta after pretreatment in 
flowing N2 at 300ºC for 3 h (a) and after in situ reaction with 
ethylene at 120ºC and 1 bar for 2 h (b). Both spectra exhibited 
two main components at 857.7 eV and 854.3 eV, together with 
a satellite peak at higher BE, that are assigned to, respectively, 
highly dispersed Ni2+ ions and NiO51. The small component at 
855.5 eV observed in the spectrum of 5Ni-beta after reaction 
with ethylene for 2 h (Figure 3b) is related to Ni+ species52 
formed under reaction conditions, as also concluded from 
FTIR-CO (Figure S5). Moreover, the absence of a component 
located at ca. 852 eV52 indicates that Ni0 species were not 
present on the surface of 5Ni-beta both before and after reac-
tion.  

 

 
Figure 3. Ni2p3/2  XP spectra of 5Ni-beta catalyst in its fresh state (a) 
and after in situ reaction with ethylene at 120 ºC and 1 bar for 2 h (b). 

  
Parallel to the decline with time-on-stream of the catalytic 

activity and the intensity of the Ni2+- and H+-related carbonyl 
bands we also observed the development of IR bands, resistant 
to evacuation, characteristic of CH3 and CH2 groups34,53-55 that 
evidence the formation of acyclic hydrocarbon species (Figure 
S6) irreversibly adsorbed (hence, playing the role of specta-
tors) on both the nickel cations and the Brønsted acid sites of 
5Ni-beta. The fact that for the series of Ni-beta catalysts the 
intensity of these bands raises with the increase in nickel con-
tent (Figure S7), and therefore with the decrease in the amount 
of available Brønsted acid sites24, suggests that the hydrocar-
bon spectator species are mainly located at the Ni2+ sites, most 
likely at those in ion exchange positions for which the corre-
sponding IR-CO bands resulted the most affected during ca-
talysis.  

Collectively, our results advocate for isolated Ni2+ ions 
grafted on silanols as the relevant surface active nickel sites in 
the working Ni-beta catalysts rather than the generally accept-
ed nickel cations counterbalancing the negative charge of the 
zeolite framework. This arises from the milder Lewis acid 
character of the former species, which provides a more favor-
able binding of the reactant ethylene allowing easy desorption 
of products in opposition to the more acidic ion-exchanged 
Ni2+ cations on which the intermediates become irreversibly 
adsorbed causing their blockage short after the beginning of 
the oligomerization reaction. 
Initiation mechanism of ethylene oligomerization on Ni-
beta. In the next step of our study, the mechanism of activa-
tion-oligomerization of ethylene on 5Ni-beta was investigated 
by temperature-resolved FTIR spectroscopy under dynamic 
flow of ethylene at constant pressure of 1.5 mbar to ensure 
detection of the adsorbed Ni···CxHy molecular complexes. A 
low initial adsorption temperature of -100 °C was adopted 
here to prevent reaction of ethylene, which has been reported 
to occur fast on Ni-aluminosilicates even at room tempera-
ture2,3,23,37. Subsequently, the temperature in the IR cell was 
progressively increased up to 120 °C enabling the oligomeri-
zation reaction to proceed at a sufficiently slow rate to have 



 

chance for capturing the involved intermediates while simul-
taneously analyzing the desorbed products by online MS. 

The temperature-resolved FTIR-ethylene spectra in differ-
ent IR regions are presented in Figure 4 at selected tempera-
tures in the range of -100 °C to 120 °C. At the initial adsorp-
tion temperature of -100 °C, ethylene interacted weakly with 
the surface sites of the pristine H-beta zeolite, as indicated by 
the IR bands at 3093, 3065, 3005, 2975, 1613, 1440, and 1340 
cm-1 (Figure S8) of physically adsorbed ethylene34,53. Differ-
ently, at -100 °C ethylene adsorbed stronger on 5Ni-beta pro-
ducing additional IR bands at 1587 and 1424 cm-1 (spectrum 1 
in Figure 4 and Figure S9 for a clearer visualization) attributa-
ble to the ν(C=C) stretching and δ(CH2) bending vibrations, 
respectively, of ethylene π-bonded to the cationic Ni2+ 
sites53,56. Moreover, the presence of C-H vibration bands at 
3277, 3227, and 3189 cm-1 (superimposed to broad bands of 
perturbed O-H groups), and a weak C≡C vibration feature at 
2164 cm-1 (Figure S9) unambiguously support the formation 
of acetylenic (HC≡C-) species57 at -100 °C, remaining visible 
up to a temperature of -25 °C (Figure 4a). These features 
indicate that ethylene readily undergoes C-H bond dissociation 
following its coordination to the Ni2+ sites, leading to the 
formation of the observed acetylenic species. Hence, during 
the dissociative adsorption of ethylene the release of H species 
to the catalyst surface must have occurred to generate these 
acetylenic species. Taking into account that both H2 and al-
kanes have been detected by GC-MS at very short reaction 
times in the absence of any external source of hydrogen, our 
results suggest that the H species (i.e. H+/H- ions and/or H· 
radicals) may recombine and desorb as molecular H2 (Figure 
S2) and also react with weakly adsorbed π-bonded ethylene or 
intermediate species (e.g. Ni-alkyl) located at a suitable dis-
tance to form C2 and C4 alkanes as self-hydrogenated products. 
Based on the above observations, it seems reasonable that the 
formation of H2, ethane, and butane decreases once the eth-
ylene-to-acetylene conversion is over and the generated H 
species have been consumed. The formation of alkanes is 
further supported by the presence of IR components at 2942 
and 2880 cm-1 related to ethane58 in the temperature range 
from -58 °C to -25 °C (Figure 4b) and its release to the gas 
phase at ca. -25°C, as evidenced in the online MS analyses 
(Figure 5). 

 

  

  
Figure 4. Temperature-resolved FTIR spectra in different regions (a-
d) during the in situ reaction of ethylene with 5Ni-beta at a constant 
pressure of 1.5 mbar: (1) -100 °C, (2) -58 °C, (3) -48 °C, (4) -33 °C, 
(5) -25 °C, (6) -15 °C, (7) -4 °C, (8) 5 °C, (9) 26 °C, (10) 55 °C, (11) 
66 °C, (12) 88 °C, (13) 107 °C, (14) 120 °C. Spectra have been up-
shifted for the sake of clarity. 

  
Concomitant to the onset of detection of acetylenic species 

at -100 °C, a weak feature at 1814 cm-1 assignable to the 
stretching vibration of Ni-H species59,60 was also perceived 
(Figure S10a). The absence of this band upon adsorbing deu-
terated ethylene (Figure S10b) adds support to this assign-
ment. It seems plausible that the H species released to the 
catalyst surface during the formation of acetylenic species may 
also react with a nearby Ni2+ Lewis acid site leading to the 
observed Ni-H species. Thus, we cannot rule out this as a 
possible route for the creation of active Ni-H Cossee-Arlman 
sites. However, it is worth mentioning that we do not observe 
any correlation between the formation of such Ni-H species 
and the detection of butenes in the gas phase products, as it 
will be discussed later. Therefore, we consider only a minor 
contribution, if any, of these Ni-H species to the overall dimer-
ization path. The fact that the Ni-H species are detected only 
after contacting ethylene with the 5Ni-beta catalyst allows us 
to exclude, in contrast to what has been proposed in recent 
studies13,26 their formation by reaction of the originally present 
nickel cations with Brønsted acid sites during the thermal 
pretreatment of the catalyst. In turn, new IR bands at 3015, 
1411, and 1602 cm-1 corresponding to, respectively, the C-H 
stretching, C-H bending, and C=C vibrations of vinyl-type 
(CH2=CH-) species61,62 emerge at a temperature of around -33 
°C (Figure 4) accompanied by an increase in intensity of the 
Ni-H band (Figure S10a). The vinyl bands reach their maxi-
mum at about -4 °C and then gradually decline at increasing 
temperatures until their intensity practically vanish at 55 °C. 
Meanwhile, bands at 1479 and 1370 cm-1 related to the C-H 
bending vibrations of, respectively, CH2 and CH3 species of 
ethyl groups56 emerge at -4 °C and remain visible up to the 
temperature of 55 °C (Figure 4d) above which the IR bands of 
Ni-H and vinyl species are almost extinguished. 

Concurrently to the onset of detection of the vinyl-type in-
termediates at around -33 °C, butenes start to be observed in 
the online MS analysis of desorbing gas phase products (Fig-
ure 5). The fact that their concentration first increases smooth-
ly up to 55 °C and then raises exponentially beyond this tem-
perature, coinciding with the sharp decline in intensity of the 
vinyl-related bands (Figure 4), signs for a relevant role of 
nickel-vinyl-hydride species in the initial activation and di-
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merization of ethylene on the active nickel sites. Consecutive 
to the detection of butenes, butane is observed by MS at 20 °C 
(Figure 5) evidencing the occurrence of butenes self-
hydrogenation through their reaction with the H species gener-
ated upon the dissociative adsorption of ethylene, as discussed 
beforehand. The intensity of the butane MS signal grows par-
allel to that of butenes at increasing temperatures, attains its 
maximum about 10 min after reaching 120 °C and then de-
creases due, probably, to the consumption of the surface H 
species. These observations concur with the formation of 
ethane and butane during the first events of the oligomeriza-
tion reaction in the experiment performed at 120 °C and 1 bar 
(Figure 1). 

Furthermore, IR bands corresponding to the stretching and 
bending vibration modes of CH3 (νas= 2960 cm-1; νs= 2873 cm-

1; δ= 1385 cm-1) and CH2 (νas= 2926 cm-1; νs= 2855 cm-1; δ= 
1468 and 1451 cm-1) groups are detected at temperatures as 
low as -48 °C (Figure 4). The fact that their intensities grow at 
increasing temperatures without evolving into other species 
until the completion of the experiment, even after subsequent 
evacuation of the IR cell, prompts us to assign the associated 
hydrocarbon species the role of spectators. Due to their almost 
identical bond vibration frequencies, these spectator species 
could be considered the precursors of the irreversibly adsorbed 
aliphatic acyclic hydrocarbons (Figure S6) that caused the 
blockage of the most acidic ion-exchanged Ni2+ ions, as dis-
cussed in the first part of this study. The detection in the tem-
perature-resolved FTIR-ethylene experiments of the hydrocar-
bon spectators at temperatures below that at which the vinyl-
related IR bands start to develop suggests that the later inter-
mediates are mostly formed on the mildly acidic grafted Ni2+ 
cations which we propose here as the most likely active nickel 
sites in working Ni-beta catalysts. 

 

 

Figure 5. Continuous monitoring by online MS of the gas phase 
products leaving the IR cell during the exposure of 5Ni-beta to 1.5 
mbar of flowing ethylene at increasing temperatures from -100 °C to 
120 °C. 

 
It should be mentioned that the fact that butadiene was not 

detected by MS in the desorbing products during the whole 
FTIR-ethylene experiment and the lack of any spectroscopic 
evidence for the formation of new OH groups, whose IR bands 
would be expected at 3610 and 3640 cm-1 (see Figure S11), 

prompts us to rule out the formation of the Ni-H (or Ni-
ethene-H) Cossee-Arlman centers initiated by proton transfer 
as recently suggested based on DFT26 (Scheme S1). Moreover, 
the detection in the present study of vinyl and terminal CH3 
groups in the reaction intermediates seems also discrepant 
with an oligomerization pathway involving metallacycles15 
(Scheme S2). Conversely, based on our experimental results 
evidencing a clear correspondence between the temperature-
evolution for the detected intermediates and the desorbing 
products, we propose the mechanism depicted in Scheme 2 for 
the initial activation and dimerization of ethylene on Ni-beta. 
According to this, ethylene first coordinates via π-bonding to 
the Ni2+ site and then activates its C-H bond through oxidative 
addition leading to a nickel-ethenyl-hydride intermediate. 
Subsequently, dimerization proceeds similar to the classical 
Cossee-Arlman pathway by insertion of a second ethylene 
molecule into the Ni-H bond generating a nickel-ethenyl-ethyl 
species. Chain termination likely occurs by reductive elimina-
tion (i.e. the step reverse to the initial oxidative activation) 
releasing 1-butene and restoring the original Ni2+ center, thus 
closing the catalytic cycle. 

 
Scheme 2. Simplified catalytic cycle proposed for the activation and 
dimerization of ethylene on the active Ni2+ centers of Ni-beta cata-
lysts. 

 
 
CONCLUSIONS 

In summary, the applied experimental methodology cou-
pling reaction kinetics with in situ FTIR spectroscopy at 
120°C and 1 bar with unparalleled high initial temporal resolu-
tion enabled us to identify isolated Ni2+ ions grafted on acidic 
silanols, characterized by an IR band at 2196 cm-1, as the main 
active nickel species in the oligomerization of ethylene on 
working Ni-beta catalysts. Moreover, a mechanism for the 
initial activation-dimerization of ethylene on the active Ni2+ 
centers is proposed based, for the first time, on the intermedi-
ates experimentally detected by temperature-resolved FTIR-
ethylene spectroscopy coupled to online MS analysis of de-
sorbed products. This mechanism entails the oxidative C-H 
bond activation of ethylene on the Ni2+ site leading to a nickel-
ethenyl-hydride intermediate that subsequently evolves similar 
to the classical Cossee-Arlman mechanism. Our approach 
paves the way to decipher the structure of active Ni sites and 
the likely mechanism operating during the functioning of other 
promising Ni-based catalysts (e.g. Ni-Al-MCM-41, Ni-SiO2-
Al2O3, etc.) as an essential step towards the implementation of 
a greener ethylene oligomerization technology. 
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Scheme S1. Simplified route proposed for the generation of Cossee-Arlman centers (Ni-H or 

Ni-ethene-H) in nickel-aluminosilicate catalysts initiated by proton transfer1. According to this 

pathway, the heterolytic cleavage of a C-H bond of ethylene coordinated at a charge-balancing 

Ni2+ site leads to a nickel-vinyl species and H that generates a new Brønsted acid site on a 

nearby lattice O atom. Insertion of a second ethylene molecule into the Ni-C bond of the Ni-

vinyl species forms Ni-butenyl which releases butadiene through β-hydride abstraction to the 

same Ni ion, creating the Ni-H Cossee-Arlman site1. 
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Scheme S2. Metallacycle mechanism proposed for the oligomerization of ethylene catalyzed 

by nickel.  

 

 

The metallacycle route, originally proposed for the selective trimerization of ethylene on Phil-

lips (Cr/SiO2) catalysts2-5, involves the formation of a metallacyclopentane intermediate via 

oxidative coupling of two ethylene molecules coordinated to the metal site. Chain propagation 

then occurs by insertion of additional ethylene molecules into any of the two metal-C bonds 

forming larger metallacycles, while chain termination can take place through a direct hydrogen 

shift or via stepwise β-hydride elimination to the metal site followed by reductive elimination 

releasing the corresponding linear α-olefin. More recently, the metallacycle mechanism has 

been suggested in order to account for the product distribution during the heterogeneous oli-

gomerization of ethylene over Ni-Al-SBA-15 catalysts6. 
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Table S1. Characteristic mass fragmentations (m/z signals) and relative peak intensities, tak-

ing the most intense m/z peak for each compound as 100, for ethylene and relevant reaction 

products. The specific m/z values used in the identification of each compound during the ac-

quisition of the online MS spectra are highlighted in bolt.  

 m/z values 

 26 27 28 29 30 43 55 56 58 69 84 

Ethylene 55 62 100 5 - - - - - - - 

Ethane 22 35 100 21 30 - - - - - - 

Butenes 10 25 30 15 1 6 50 100 5 - - 

Butane 10 40 35 45 3 100 2 1 15 - - 

Hexenes 5 35 5 20 3 60 65 100 10 25 30 
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Figure S1. a) Ethylene conversion rates at 120 ºC, 1 bar, and WHSV of 33 h-1 as a function of 

time-on-stream (TOS) for Ni-beta catalysts loaded with different amounts of nickel (1-10 wt%); 

b) Correlation between the steady state ethylene conversion rates at the reaction pressure of 1 

bar (120 ºC, 33 h-1) and 35 bar (120 ºC, 2.1 h-1). 
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Figure S2. Chromatograms evidencing the initial formation of H2 upon reacting 5Ni-beta with 

ethylene at 120 ºC and 1 bar for 1 min (a) and its practical absence after 70 min of reaction 

(b). The analyses were performed by manually injecting a representative sample of the gase-

ous effluent in a Varian 3800 GC specially equipped for H2 detection (5Å Molecular Sieve col-

umn, TCD-type detector, Ar as carrier gas). 
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Figure S3. FTIR spectra of CO adsorption recorded at -176 ºC for pre-reacted (i.e. after in situ 

pretreatment in flowing N2 at 300 ºC) 5Ni-beta sample at increasing CO pressures (0.1→2.0 

mbar). 
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Figure S4. Normalized FTIR spectra in the OH stretching region of a) pristine H-beta zeolite, 

and b) 5Ni-beta sample after in situ pretreatment in flowing N2 at 300 ºC. 

The FTIR spectrum of activated pristine H-beta zeolite in the OH stretching region (spectrum 

a) showed three distinct features with maxima at ca. 3736, 3660, and 3610 cm-1 assigned to 

the ν(O-H) vibration modes of silanols, extraframework aluminium species, and Brønsted acid 

sites, respectively. After nickel incorporation (spectrum b), a reduction in the intensities of the 

peaks at 3736 and 3610 cm-1 is observed due to the replacement of some acidic protons by 

nickel ions. Furthermore, no additional peak in the 3630–3650 cm-1 region attributable to Ni-

OH species7 could be detected in the activated 5Ni-Beta sample. 
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Figure S5. Low temperature FTIR-CO spectra at low CO coverage (0.1 mbar) for the 5Ni-beta 

catalyst showing the development of dicarbonyl Ni+ bands at 2138 and 2095 cm-1 upon reac-

tion with ethylene at 120 ºC and 1 bar for selected reaction times. The component at 2150 cm-

1 of CO coordinated to unsaturated Ni2+ species on the surface of bulk-like NiO particles (re-

ported as inactive in ethylene oligomerization) remains almost unaffected during the catalytic 

reaction. Spectra are up-shifted for better visualization. 
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Figure S6.  FTIR spectra (normalized by overtone area) in the C-H stretching (a) and bending 

(b) vibration regions for 5Ni-beta in its pre-reacted state (spectrum at 0 min) and after reaction 

with ethylene at 120 ºC and 1 bar for 8 and 70 min and subsequent evacuation of the cell at 

120 ºC for 1 h under dynamic vacuum of 10-5 mbar. The characteristic sp3 C-H stretching and 

bending IR bands of CH3 (νas= 2960 cm-1, νs= 2870 cm-1, δs= 1364-1380 cm-1, δas= 1440-1470 

cm-1) and CH2 (νas= 2926 cm-1, νs= 2855 cm-1, δ= 1440-1470 cm-1) groups8-11 are clearly per-

ceived. 

 

From the intensities of the peaks assigned to CH2 and CH3 asymmetric stretches, a CH2/CH3 

ratio of ca. 1.14 and 1.24 is obtained for the irreversibly adsorbed hydrocarbons (spectators) 

after 8 and 70 min of reaction, respectively, evidencing a minor increase in chain length with 

reaction time. Considering that a CH2/CH3 ratio of 2 and 3 has been reported for the asymmet-

ric C-H stretches of n-hexane and n-octane, respectively12, we infer that those spectators are 

mainly short-chain aliphatic acyclic hydrocarbons.   
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Figure S7. Normalized FTIR spectra in the C-H stretching (a) and bending (b) vibration re-

gions for Ni-beta samples loaded with 1 and 5 wt% Ni after in situ reaction with ethylene for 70 

min at 120 ºC and 1 bar followed by evacuation at this temperature for 1 h under dynamic 

vacuum of 10-5 mbar. The higher concentration of hydrocarbon species irreversibly adsorbed 

on the surface of the highly-loaded 5Ni-beta catalyst exhibiting a 2.5-fold lower amount of 

Brønsted acid sites than 1Ni-beta13 is an indication that they predominantly form at the cationic 

nickel centers. 
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Figure S8. FTIR spectra in the C-H stretching (a) and bending (b) regions of ethylene ad-

sorbed at -100 ºC on pristine H-beta zeolite at increasing ethylene doses (from 0.09 to 10 

mbar). Spectra have been up-shifted for clarity. 

Ethylene adsorbs only physically on the surface OH groups of Ni-free H-beta zeolite, as in-

ferred from the presence of IR bands of CH2 groups in the C-H stretching (3093, 3065, 3005, 

and 2975 cm-1, left graph) and bending (1440 and 1340 cm-1) regions and the ν[C=C] stretch-

ing band at 1613 cm-1. Broad IR bands peaking at around 3340 and 3210 cm-1 correspond to 

the shift towards lower frequencies of the O-H stretching bands of the zeolite perturbed by 

ethylene. 
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Figure S9. FTIR spectra recorded in different IR regions (a-c) upon adsorption of ethylene at -

100 ºC on 5Ni-beta catalyst at increasing ethylene doses from 0.09 to 10 mbar. Spectra have 

been up-shifted for clarity. The bands related to ethylene π-bonded to Ni2+ cations and acety-

lenic species (see main text) are highlighted in bold. 
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Figure S10. FTIR spectra acquired in the Ni-H region for 5Ni-beta upon adsorption of ethylene 

from -100 ºC to 120 ºC (a) and of deuterated ethylene at -100 ºC and increasing coverage 

from 0.09 to 10 mbar (b). Spectra have been up-shifted for clarity. 
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Figure S11. a) Temperature-resolved FTIR spectra for 5Ni-beta in the OH stretching region 

after in situ pretreatment in flowing N2 at 300ºC (blue bold line) and during in situ reaction of 

ethylene (black lines) at a constant pressure of 1.5 mbar in the temperature range of : (1) -

100ºC, (2) -58ºC, (3)  48ºC, (4) -33ºC, (5) -25ºC, (6) -15ºC, (7) -4ºC, (8) 5ºC, (9) 26ºC, (10) 

55ºC, (11) 66ºC, (12) 88ºC, (13) 107ºC, (14) 120ºC. Spectra have been up-shifted for the sake 

of clarity; b) FTIR spectra in the OH stretching region of pristine H-beta zeolite after in situ pre-

treatment in flowing N2 at 300ºC (1), and upon ethylene adsorption (10 mbar ) at -100 ºC (2). 

As seen in Figure S11a, when ethylene is contacted with 5Ni-Beta catalyst at -100ºC, it phy-

sisorbs on the catalyst surface resulting in a pronounced decrease of the silanol band at ca. 

3736 cm-1 that shifts to lower frequencies producing an intense broad band with maxima at ca. 

3605 cm-1.10 Indeed, the perturbed OH band (Si-OH⋅⋅⋅C2H4 molecular complex) is also detect-

ed when ethylene was adsorbed over pristine H-beta zeolite at -100ºC (Figure S11b). As ob-

served in Figure S11a, the IR spectra in the OH region is dominated from -100 ºC to -33 ºC by 

the broad perturbed OH band vibrating in the region where the formation of new OH groups 

would be observed (ca. 3610 and 3640 cm-1)14,15. This makes an unequivocal conclusion on 

the possible formation of new OH groups in this temperature range unfeasible. However, at 

temperatures above ca. -33ºC (at which vinyl intermediates start to be detected), where the 

perturbed OH band at 3605 cm-1 does no longer disturb the peaks in this region, there are no 

spectroscopic signs evidencing the formation of new OH groups. 
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