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From ethene to propene (ETP) on tailored silica-
alumina supports with isolated Ni(n) sites:
uncovering the importance of surface nickel
aluminate sites and the carbon-pool mechanismf

Zixuan Chen, @2 Scott R. Docherty, @®P° Pierre Florian, ®¢
Agnieszka Kierzkowska, @2 llia B. Moroz, @° Paula M. Abdala, ©°2
Christophe Copéret, ©*° Christoph R. Miller ©*2 and Alexey Fedorov @ *2

Catalysts with well-defined isolated Ni(i) surface sites have been prepared on three silica-based supports.
The outer shells of the support were comprised either of an amorphous aluminosilicate or amorphous
alumina (AlO,) layer - associated with a high and low density of strong Brensted acid sites (BAS),
respectively. When tested for ethene-to-propene conversion, Ni catalysts with a higher density of strong
BAS demonstrate a higher initial activity and productivity to propene. On all three catalysts, the propene
productivity correlates closely with the concentration of Cg aromatics, suggesting that propene may form
via a carbon-pool mechanism. While all three catalysts deactivate with time on stream, the deactivation of
catalysts with Ni(i) sites on AlO,, i.e., containing surface Ni aluminate sites, is shown to be reversible by
calcination (coke removal), in contrast to the deactivation of surface Ni silicate or aluminosilicate sites,

rsc.li/catalysis

Introduction

The development of processes for the on-purpose production
of propene has been spurred in recent decades by the
constantly growing demand for this important platform
chemical."* Such processes include, for instance, propane
dehydrogenation®* or methanol-to-propene conversion.”” An
appealing alternative route is the direct conversion of ethene
to propene, ie. the ETP reaction, which to date is still
underdeveloped despite its advantages (mild reaction
conditions and potentially atom economy).® ETP catalysts
based on zeolites and Al,O;-supported tungsten hydride have
been reported.” ™ Ni-based ETP catalysts have also been
developed, such as Ni ions on mesoporous silica, i.e. Ni-
MCM-41,">""" or on the Al-doped mesoporous support, Ni-Al-
MCM-41."® The presence of Al ions induced strong Bronsted
acidity of the support and was found to increase the catalytic
activity.’® Subsequently, ETP activity has been demonstrated
for Ni-based catalysts on a non-mesoporous support, ie., Al-

“ Laboratory of Energy Science and Engineering, ETH Ziirich, 8092 Ziirich,
Switzerland. E-mail: muelchri@ethz.ch, fedoroal@ethz.ch

b Department of Chemistry and Applied Biosciences, ETH Ziirich, 8093 Ziirich,
Switzerland. E-mail: ccoperet@ethz.ch

“CNRS, CEMHTI UPR3079, University of Orléans, F-45071 Orléans, France

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2cy01272¢

This journal is © The Royal Society of Chemistry 2022

which deactivate irreversibly by forming Ni nanoparticles.

doped silica,” and the formation of propene starting from

ethanol has been reported as well.?>*" Both isolated sites of
Ni(n) and strong Brensted acidity, arising from the
introduction of Al, are thought to be essential for the ETP
reaction to proceed.”> Despite those advances and
mechanistic insights,> a detailed understanding of how
strong Brgnsted acidity influences the catalytic performance
of Ni(u) sites in the ETP reaction is still lacking.

Atomic layer deposition (ALD) is a versatile approach to
prepare supports with well-controlled surface acidity
properties.>*** Here, we utilize ALD of trimethylaluminum on
partially dehydroxylated silica to prepare tailored non-
mesoporous silica-alumina supports with a controlled density
of strong Bronsted acid sites (BAS).”® We then employ the
surface organometallic chemistry (SOMC) approach to obtain
isolated Ni(i) sites on those supports.”*>>” We prepare three
catalysts, study their ETP activity and productivity to propene
and correlate it to the abundance of strong Brensted acidity,
which scales from high to medium and low depending on the
number of ALD cycles (1, 5 and 10, respectively).’® A detailed
product analysis identifies that along with C;-C,4 hydrocarbons,
which are typical products of the Ni-based ETP reaction, a
number of aromatic products form as well, including benzene,
toluene, xylenes and ethylbenzene (denoted BTXE). We find
that the formation rate of propene correlates closely with the
formation rate of Cg aromatics, in particular xylenes. This
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observation is consistent with the cracking of ethene
oligomers, produced by the Ni(u) sites, on cationic Cg species
(such as xylenes protonated by the strong BAS). In other words,
a carbon-pool mechanism is likely responsible for the propene
production on Ni-based ETP catalysts containing strong
Bronsted acidity; such a pathway is reminiscent of that
involved in zeolite-catalyzed ETP conversion,”®* and also in
the methanol-to-olefins process.***!

Importantly, we also uncover that the use of supports that
contain an amorphous alumina (AlO,) overlayer yields catalysts
that avoid the formation of nickel nanoparticles (NPs) from
isolated Ni(m) sites with time on stream (TOS); the latter is a typical
deactivation pathway of Ni-based ETP catalysts. The formation of
surface nickel aluminate sites on the AlO, overlayer is proposed to
be responsible for the increased stability against deactivation by Ni
NPs formation, which likely takes place by the reduction of Ni(u)
sites to metallic Ni followed by sintering. In contrast, isolated
nickel silicate or aluminosilicate sites form Ni NPs with TOS and
therefore do not regenerate fully during coke removal via
calcination, while the catalysts with isolated nickel aluminate sites
regenerate fully by calcination. Therefore, a combination of strong
Bronsted acidity and isolated nickel aluminate sites is proposed to
be essential features of active Ni-based ETP catalysts amenable to
complete regeneration, while propene is proposed to form, at least
in part, via a carbon-pool mechanism.

Results

ALD-derived silica-alumina supports with a controlled
abundance of strong Brgnsted acid sites were prepared using

ALD-derived supports with a controlled density of strong BAS
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1, 5 or 10 ALD cycles of trimethylaluminum onto silica
dehydroxylated at 500 °C, as described by us previously.”® This
methodology yields supports with a high, medium and low
abundance of strong Brgnsted acidity. Depending on the
number of cycles, the respective materials are denoted Al1-SiO,.
500, Al5-S10,.509 and Al10-SiO,.50o and their surface area ranges
between 280 and 160 m* g~*. According to our previous detailed
solid state NMR studies, the ALD-deposited shell (with a silica
core) in Al1-SiO,.500 is an amorphous aluminosilicate (ASA),
which contains abundant strong BAS.>® In contrast, Al5-SiO,.500
and Al10-SiO, 500 contain layers of AlO, grown on top of the ASA
shell (Fig. 1).>° With respect to Al1-SiO,500, the amorphous
alumina shell in Al5-SiO,_5,, features a decreased abundance of
strong BAS; in Al10-SiO, 50 the abundance of strong BAS is
reduced further. Using these supports, three ETP catalysts
containing isolated Ni(u) sites were prepared by the SOMC
approach.”” This approach relies on a selective reaction between
surface sites of a dehydroxylated support (such as isolated
silanol or aluminol OH groups) and a molecular complex, viz. a
grafting reaction, which in our case is a siloxide ligand exchange
reaction between [Ni(OSi(O'Bu);),], and the surface hydroxyl
groups of the Al1,5,10-SiO,.500 supports dehydroxylated at 500
°C (Fig. 1).* Following the grafting reaction, the materials are
calcined at 400 °C (see ESIf for details) similarly to our previous
report,”” and characterized avoiding exposure to air. Henceforth,
the three catalysts prepared are denoted Ni-Al1-, Ni-Al5-, Ni-Al10-
Si0,.500 and contain, according to elemental analysis, 0.73%,
1.03%, 1.09 wt% Ni, respectively.

A detailed characterization of the prepared catalysts is
reported in the ESIf} In brief, the application of the

Al10-SiOo_s5090 —AIO,
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T
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Fig. 1 The ALD-SOMC approach to yield catalysts with isolated Ni(i) sites on the ALD-derived alumina-silica supports with a controlled density of

strong Brensted acid sites. The notations AlO, and ASA refer to amorph

ous alumina and amorphous silica—alumina (an aluminosilicate layer),

respectively. The structure of the calcined Ni-Al-SiO,_ 500 catalysts is shown with X = Al and Si assuming a mono-grafting of [Ni(OSi(O'Bu)s),l, on
All-, Al5- and Al10-SiO;._500 supports, and that the calcination of the mono-grafted species may, at least partially, proceed without breaking the

Ni-O-Si linkage. See Table 1 for the possible range of values of variable y.
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combined ALD-SOMC approach yields materials that contain
isolated Ni(u) sites supported on Al1,5,10-Si0,.500. X-ray
absorption near-edge structure (XANES) data suggests a Ni(u)
oxidation state in all three catalysts (Fig. S87). The results of
the extended X-ray absorption fine structure (EXAFS) analysis
of all three materials reveal the presence of Ni-O and Ni-
Al(Si) coordination spheres and are indicative of the presence
of isolated Ni(u) sites. The EXAFS data were fitted using Ni-O
and Ni-Al/Si paths and the fitting parameters are
summarized in Table 1.°> All three Ni-Al1,5,10-SiO;.500
catalysts exhibit two similar coordination spheres in EXAFS.
The first coordination sphere is represented by a single Ni-O
path while the second coordination sphere is fitted with two
Ni-Al(Si) paths at two different interatomic distances. As
discussed above, Al1-SiO,.5y, support is different from Al5-
and Al10-SiO,.500 supports in that Al1-SiO,50 has an
amorphous aluminosilicate (ASA) shell while Al5- and Al10-
SiO,.500 supports contain an amorphous alumina (AlO,) shell.
Therefore, it is challenging to distinguish between Ni-Si and
Ni-Al paths in Ni-Al1-SiO,.500 as the atomic number of Si and
Al are close.**** It is likely that both Ni-Si and Ni-Al paths
are present in Ni-Al1-SiO, 50, While Ni-Al paths dominate the
second sphere in Ni-Al5-Si0, 509 and Ni-Al10-SiO,.500 (Fig. S9-
S11%). The presence of a Ni-Ni second coordination sphere
can be ruled out (see ESIt for additional discussion), hence
excluding the possibility of the formation of NiO crystallites
(Tables S1 and S2, Fig. S12+). In line with the EXAFS analysis,
the characteristic feature of NiO at ca. 8370 eV is absent in
the XANES spectra of all three Ni-Al1,5,10-Si0,.5¢, catalysts. In
Ni-Al1-Si0, 500, the Ni sites are likely a combination of both
surface nickel silicate and nickel aluminate sites, while in Ni-
Al5-Si0,.509 and Ni-Al10-SiO,.59 these are predominantly
nickel aluminate sites.

The ?’Al nuclear magnetic resonance (NMR) spectra of Ni-
Al1-; Ni-Al5-, Ni-Al10-SiO,. 500 display features similar to those
of Al1-, Al5-, and Al10-SiO,.5¢, reported by us previously,*® ie.,
the spectra contain three overlapping peaks due to four-, five-
and six-fold coordinated Al sites (Fig. S361). The chemical
shifts are found to increase with increasing number of ALD
cycles, explained by more abundant Al-O-Al linkages (in
preference to Al-O-Si linkages). Compared to the spectra of
Al1-; Al5-, and Al10-SiO, 500, there is a significant increase of
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the line width in Ni-Al1-, Ni-Al5- and Ni-Al10-SiO,.5y, due to a
larger distribution of the isotropic chemical shift values Adig,
(Fig. S36, Table S4f). This points at an increased chemical
disorder in the Ni catalysts, likely caused by the SOMC
deposition and calcination steps.

Note that a paramagnetic Ni(un) site in our catalysts
“bleaches” nearby Al sites, making them invisible in the *’Al
NMR spectra. The normalized (with respect to the weight and
the number of scans), integrated area of the NMR peaks is
found to be 0.95, 4.58 and 9.77 a.u. for Ni-Al1-, Ni-Al5- and Ni-
Al10-SiO, 500 respectively, which corresponds to a relative ratio
of 1:4.8:10.3 of aluminum atoms in the samples detected by
NMR. This ratio is very close to the number of ALD cycles used
(Ze, 1, 5 and 10 cycles). In other words, the spatial distribution
of Ni and the effect of paramagnetic bleaching is homogeneous
for all three samples and no Ni clustering is evidenced by NMR,
in agreement with the EXAFS data. Next, we fitted the >’Al NMR
spectra of Ni-Al5- and Ni-Al10-SiO, 50 using the spectrum of Ni-
Al1-Si0,_509 as a model of the Si0,-AlO, interface. The bleaching
effect of Ni(u) explains the lower fitted fraction of the Ni-Al1-
Si0,.500 component in Ni-Al5-SiO,.500 relative to Al5-SiO,.500
(21% and 51%, respectively, Table S4;t the SiO,-AlO, interface
has been modelled in Al5-SiO, 500 and Al10-SiO,.50 using the
spectrum of All-SiO“OO).26 The same effect is observed in Ni-
Al10-SiO,.50 relative to Al10-SiO,500 (30% and 37%,
respectively), although it is notably less pronounced. Therefore,
the differences in the fitting results of the Ni-Al1-SiO, 50
component suggest that in Ni-Al5-Si0, 5, a large fraction of the
Ni(u) sites are located in the vicinity of the strong BAS of the
Si0,-AlO, interface, yet this is not the case in Ni-Al10-Si0,_50o.

FTIR studies using pyridine (Py) as the probe molecule
show that bands due to the pyridinium ion (Py protonated by
strong BAS) are observed clearly in Ni-Al1-SiO, 50, while they
are less intense in Ni-Al5-SiO, 500 and nearly not discernable
in Ni-Al10-SiO,500 (Fig. S131). Those results are consistent
with the degree of abundance of strong BAS in the respective
Al1-, Al5- and Al10-SiO,s0, supports as discussed above.?®
However, an additional Lewis acid site (LAS) emerges in Ni-
Al1,5,10-Si0,.50o materials, identified by an adsorbed Py band
at 1614 cm™" that is lacking in Al1,5,10-Si0, .50 supports. This
band is ascribed to Py coordinated to isolated Ni(u) sites (see
ESIf for additional discussion).

Table 1 Fits of the structural parameters obtained from the Ni K-edge EXAFS data

Material Neighbour CN r(A) o* (A% E, (eV) R-Factor
Ni-Al1-810,.50 o) 4.8(4) 2.00(3) 0.009(1) -4(1) 0.002
Si(Al) 1.5(3) 2.78(8) 0.009(1)
Al(Si) 2.1(4) 3.22(7) 0.009(1)
Ni-Al5-510,.500 o) 4.9(7) 1.98(6) 0.009(1) -8(2) 0.005
Al(Si) 1.1(5) 2.77(9) 0.009(1)
Al 2.1(6) 3.19(9) 0.009(1)
Ni-A110-5i0,.500 o) 4.4(4) 1.99(4) 0.008(1) -5(1) 0.002
Al(Si) 1.0(3) 2.76(9) 0.008(1)
Al 1.7(4) 3.22(7) 0.008(1)

All samples were measured at ambient temperature. S,> was fixed to 0.847 obtained by fitting a Ni foil reference. CN stands for the
coordination number. Debye-Waller factor ¢* were constrained to the same value for all paths in each sample.

This journal is © The Royal Society of Chemistry 2022
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The catalytic performance of the prepared Ni-Al catalysts
was assessed by flowing 10% C,H,/N, through a catalyst bed
that was kept at 350 °C (space velocity was 200 mL g~ h™").
While all three catalysts are active for ETP, their initial
activity, stability with TOS and distribution of products differ
significantly (Table 2). Ni-Al1-SiO,509, a material with the
most abundant strong BAS, converts ethene notably faster
than Ni-Al5-SiO,.500 and Ni-Al10-SiO,.50, catalysts; the
respective initial (at TOS = 7 min) consumption rates of
ethene are 16.8, 5.9 and 6.4 g(C,H,) gxi - h™ obtained at
55%, 20% and 30% conversion, respectively (Table 2, Fig.
S147). Interestingly, in contrast to Ni-Al1-SiO,.500 and Ni-Al10-
Si0,.500, Ni-Al5-Si0, 500 displays an activation period (ca. 150
min) associated with an increase of ethene conversion from
ca. 20% to 25%, before deactivation sets in. Possible reasons
for the activation period of Ni-Al5-SiO, 50, are discussed
below. Deactivation with TOS is observed for all three
catalysts. After 20 h TOS, the conversion of Ni-Al1-, Ni-Al5-
and Ni-Al10-SiO,. 500 decreases to only 8%, 10% and 3% of the
initial values, respectively. The initial productivity to propene
on Ni-Al1-8i0,.500 is 2.7 g(CsHe) gni - h™", followed by Ni-Al10-
Si0,500 and Ni-Al5-Si0,.500 (0.6 and 0.2 g(CsHg) gni - 77,
respectively). However, the productivity to propene raises
after 150 min TOS for Ni-Al5-Si0,.500 (due to an activation
period mentioned above) reaching ca. 0.8 g(C3Hg) gni - h ™.

Butenes (1-butene, iso-butene, trans- and cis-2-butene) are
formed on all three catalysts, consistent with the
dimerization of ethene to 1-butene on the isolated Ni(u) sites
followed by isomerization reactions (Fig. S16-S181). In
addition to olefins, the Ni-Al-SiO,_ 500 catalysts produce C;-C,
alkanes, in particular ethane, whereby the partial selectivity
to ethane among the C,-C, alkanes exceeds 85% (Fig. S217).
The productivity to alkanes is especially high at short TOS,
suggesting the formation of hydrogen (via coking) and its use
for the hydrogenation of alkenes and, possibly,
hydrogenolysis of alkanes. For instance, at TOS = 50 min, the
productivity to C;-C, alkanes is 0.79, 0.52 and 0.30 g(alkanes)
gni + h™' for Ni-Al1-, Ni-Al5- and Ni-Al10-SiO,.500, respectively
(Fig. S207). At TOS = ca. 1 h the productivity to alkanes starts
to decrease for all three catalysts, before ceasing after TOS =
ca. 10 h (Table 2, Fig. S16-5187).

The initial carbon balance on Ni-Al1-, Ni-Al5-, and Ni-Al10-
SiO,.500 is only 80%, 88% and 89%, respectively. However,
after 10 h on stream, all three catalysts reach ca. 100%
carbon balance (Table 2, Fig. S16-S18f). The low initial
carbon balance indicates the formation of non-volatile
hydrocarbons and coke. Coking is also evidenced by the
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change of color of the Ni-Al-SiO,.50, catalysts from pale-grey
to black after the catalytic tests and is consistent with the
increase of the catalyst mass observed during in situ TGA
experiments (Fig. S337). In addition, Raman spectra of spent
Ni-Al catalysts reveal two main peaks centered at ca. 1350
em ™! and 1580 ecm ™, ascribed to the disordered carbon and
ordered graphitic lattice, respectively (Fig. $321).>® The ratio
between these peaks, ie., the D;/G area ratio, is used to
evaluate the degree of disorder in the graphitic coke deposits.
While similar D,/G ratio of 1.5 was obtained for Ni-Al1-SiO,_5
and Ni-Al5-Si0,_ 50, Ni-Al10-SiO,_5, features a lower D,/G ratio
of 0.3 (see ESI} for further details). The evolution of the
productivity to alkanes with TOS correlates closely with that of
coking (evaluated by the carbon balance) and the formation of
H, (Fig. S201).

Interestingly, aromatic products (benzene, toluene,
xylenes, ethylbenzene, BTXE) form on all three Ni-Al-SiO,.500
catalysts. Ni-Al1-SiO, 500 exhibits the highest productivities to
toluene and Cg aromatics (ethylbenzene and o-, m-, p-xylene)
whereas Ni-Al10-SiO,.500 produces predominantly benzene at
TOS = 7 min (Fig. $191).® After TOS = 8 h, the partial
selectivity (i.e., the selectivity among aromatic products) to Cg
aromatics is more than 60% on all three catalysts. Control
experiments show that the respective supports Al1-, Al5-, and
Al10-SiOy 500 do not catalyze ETP, nor do they form any
aromatic products (Fig. S30t). The initial ethene conversion
on these supports does not exceed 5% and is likely due to
the formation of coke.

To understand the nature of the surface species formed
during the ETP experiment, Ni-Al5-SiO, 5o, was heated with a
1:1 mixture of '°C,H,/C,H, at 350 °C for 12 h. The
subsequently acquired *C CP-MAS spectrum of the resulted
black solid shows two major peaks in the range 110-150 ppm
and 10-40 ppm, assigned to aromatic carbonaceous species
and aliphatic groups, respectively (Fig. S38t). The presence of
such species has been ascribed previously to the formation of
alkylated aromatic hydrocarbons in zeolites,”’*° and in other
alumina-based catalysts.’” Furthermore, comparing the 'H
spin-echo spectra of Ni-Al5-SiO, 500 after exposure to BC,H,/
C,H, (350 °C, 12 h) with that of fresh Ni-Al5-SiO, 500, confirms
the emergence of peaks at ca. 2 ppm and 7 ppm, consistent
with benzylic and aromatic protons, respectively (Fig. S397);
the peak at ca. 21 ppm in *C NMR spectrum further suggests
the presence of Ar-CH; benzylic groups (Fig. S387). Notably,
no additional signals are observed in the range 4-6 ppm,
ruling out the presence of adsorbed olefinic species (i.e.
ethene, propene, butenes, etc.). Analysis of the gas phase of

Table 2 Results of ICP analysis and catalytic tests. Catalytic data is presented after 7 min TOS and, in parentheses, after 20 h TOS

Propene C, olefins C,-C, alkane
Ni Ethene productivity ~ productivity =~ productivity H, productivity ~ Carbon
Entry  Catalyst content (Wwt%)  conversion (%) (ggxi 'h™")  (ggni "h™")  (ggn "h) (ggnith™) balance (%)
1 Ni-Al-SiO,500  0.73 55 (8) 2.7 (0.6) 5.5 (1.8) 1.1 (0.1) 0.16 (0.005) 80 (100)
2 Ni-Al5-Si0,500  1.03 20 (10) 0.2 (0.5) 0.3 (1.3) 0.2 (0.1) 0.03 (0.003) 88 (100)
3 Ni-Al10-8i05.500  1.09 30 (3) 0.6 (0.1) 1.7 (0.4) 0.4 (0.1) 0.02 (0.004) 89 (100)
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the batch experiment by GC-MS confirms the formation of a
statistical mixture of *C isotopologues of propene (Fig. S41,
Table S67). In addition to propene, ethane is detected and its
formation is explained by the hydrogenation of ethene by H,
(formed due to coking) over the course of the experiment.
However, in contrast to propene, ethane features mostly a
mixture of unlabelled and di-labelled isotopologues with only
a small amount (ca. 5%) of the mono-labelled isotopologue
(Fig. S40, Table S57). This result is inconsistent with the
presence of olefin metathesis based ETP mechanism that has
been proposed previously for Ni-based catalysts,'> and is in
line with the cracking pathways.*

Transmission electron microscopy (TEM) imaging and
energy dispersive X-ray (EDX) mapping of spent Ni-Al1-SiO,.500
(i.e., after 20 h TOS) reveal the formation of Ni NPs (Fig.
S22t). This is explained by the evolution of Ni(u) sites to
reduced Ni species under reaction conditions, their de-
grafting (dissociation) from the support and agglomeration to
Ni NPs (either metallic Ni, carburized Ni, or a mixture of
thereof). Note that no Ni NPs are observed in any of the fresh
catalysts (Fig. S4-S67). Interestingly, in contrast to Ni-Al1-SiO,.
500, N0 Ni NPs are found in spent Ni-Al5-SiO, 500 and Ni-Al10-
SiO,.500; EDX mappings show that the Ni sites remain
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homogenously distributed on Ni-Al5-SiO,.509 and Ni-Al10-SiO,.
so0 after the 20 h catalytic test (Fig. S23 and S24f). Our
observations, ie. the formation of coke and the retention of
isolated Ni sites on deactivated Ni-Al5-SiO,.50, and Ni-Al10-
Si0,.500 catalysts, suggest that regeneration of the initial
activity by calcination should be viable for these two catalysts.

To test this hypothesis, the reaction-regeneration cycles
were carried out by passing synthetic air at 500 °C for 1 h (to
remove coke) through the catalyst bed that has been exposed
for 5 h to ETP conditions. No substantial changes in the
productivity of propene (except for the increased propene
productivity after the first regeneration cycle for Ni-Al5-SiO,.5¢0,
vide infra) were observed between the first, second and indeed
up to the fifth regeneration cycle for Ni-Al5-SiO,.50, and Ni-
Al10-SiOy 500, suggesting that these catalysts can be fully
regenerated (Fig. 2). However, regeneration of Ni-Al1-SiO, 500
could restore the propene productivity of the previous cycles
only partially. Those observations further confirm the
differences in the deactivation mechanisms between Ni-All-
SiO,.500 on one hand and Ni-Al5- and Ni-Al10-SiO,.59, on the
other hand, consistent with the TEM results. In other words,
two deactivation pathways proceed in Ni-Al1-SiO,.500 during
ETP, ie. (i) the formation of Ni NPs due to the reduction of
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Ni(u) single sites and the agglomeration of the reduced species
(see above, Fig. S227) and (ii) coke deposition. While coke can
be removed by calcination, the oxidation of the agglomerated
Ni NPs gives NiO, which, in contrast to isolated sites of Ni(u),
does not catalyze the oligomerization of ethene efficiently. In
contrast, the Ni-Al5- and Ni-Al10-SiO,.50 catalysts deactivate
only by coke deposition (i.e., blocking of the active sites by
coke) since their catalytic activity is fully recovered after
regeneration by calcination.

Interestingly, after the first regeneration cycle, Ni-Al5-SiO,.
s00 displays a propene productivity that is increased by ca. 30%
and which is maintained in every subsequent ETP-regeneration
cycle (Fig. 2). We note that the temperature used for
regeneration is higher relative to the initial calcination
temperature of the grafted Ni species (500 °C and 400 °C,
respectively). This higher temperature is required because coke
removal is incomplete at 400 °C, and as a result, a longer
activation period and a lower maximum propene productivity
is observed if a regeneration temperature of 400 °C is used
instead of a regeneration temperature of 500 °C (Fig. S34t).
However, if Ni-Al5-SiO, 500 is prepared by calcination of the
grafted Ni species at 500 °C, the resulted propene productivities
of the fresh and the regenerated catalysts are similar (Fig.
S31%). Therefore, the observed increase by ca. 30% in the
propene productivity of Ni-Al5-SiO, 500 may be due to a
structural evolution of Ni-Al5-SiO,.59, at 500 °C.

To probe for possible structural changes of Ni-Al5-SiO;.500
during the regeneration process, we have applied *’Al MAS NMR
spectroscopy. The narrower spectral lines in Ni-Al5-SiO5 500-regen
reveal a higher structural ordering in this material, yet the lines
become also narrower in the Ni-free reference Al5-SiO,.500-regen
(Fig. $371). In addition, the relative fractions of *Al/°Al/°Al sites
change in both Ni-Al5-Si0,_500-regen and Al5-SiO5 500-regen (Table
S4t). The modelling of Ni-Al5-SiO,.500-regen Shows smaller Adjg,
and Cq, than in fresh Ni-Al5-Si0, 500 (both modellings use three
Al sites). In addition, a shift of Ji, towards higher chemical
shifts and a decreased proportion of four-coordinated

strong BAS

aromatization (— Hy)

protonation
RZ
R'=CHg, C3Hy, ... 1,2-H shift,
® R2=H, CHs, CoHs, .. 1,2-R2 shift
[ \l n=0,1, ..
(CH3)n

1,2-H shifts
and cracking

(CHa),
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aluminum environments is observed after regeneration. This
points to a complex mechanism for the structural reorganization
during regeneration involving not only the OH groups (usually
at the origin of the coordination increase), but also the chemical
Al/Si mixing, which drives changes in Ji,.”® Differences in the
NMR parameters of Al5-SiOj 500-regen and Ni-Al5-SiO; 500 regen
show that Ni also plays a role in the structural ordering of the
catalysts during regeneration.

The activation time that lasts ca. 50-100 min is observed in
all Ni-Al-SiO,.5¢, catalysts following regeneration; in addition,
fresh Ni-Al5-SiO, 500 features an activation period as well. After
90 min TOS, following the sixth regeneration, i.e. close to the
highest propene productivity, the three Ni-Al catalysts were
collected and FTIR spectra were recorded without exposure to
air. The spectra of fresh and regenerated catalysts after 90
min TOS are similar (Fig. S25t). That being said, the
comparison between the Py-FTIR spectra of fresh and
regenerated Ni-Al5-SiO, 50, catalysts reveals a decreased
relative intensity of the IR band corresponding to the Lewis
acidic Ni(u) sites as compared to the intensity of Py on the Al-
based LAS on the regenerated catalysts (Fig. S357). This result
suggests that restructuring of the catalyst surface after
calcination may occur with TOS, although more studies are
needed to understand details of this process. Lastly, TEM
images and EDX mapping of the activated and spent Ni-Al-
Si0,. 500 catalysts are also similar, i.e. Ni NPs are only observed
in activated and spent Ni-Al1-SiO,.5¢, and not observed in Ni-
Al5-5i0,_500 and Ni-Al10-5i0,. 5, (Fig. S27-5297).

Interestingly, comparing changes in the productivity to
aromatic products with TOS, in particular Cg aromatics, with
changes in the productivity to propene reveal a very clear
correlation (Fig. 2 and S157t). For instance, the continuously
decreasing propene productivity on Ni-Al1-SiO, 50 with every
additional regeneration cycle correlates closely with the
decreasing productivity to Cg aromatics. This result suggests
that the formation of propene may involve the intermediacy
of alkylated aromatics (and, possibly, vice versa). The results

Side chain cracking:

R1

p-hydrogen transfer \/ R’
—eee——
R2
RZ
B-hydrogen transfer ® | R \/ R2
then 1,2-H shift \
(CHa)y

Scheme 1 A possible propene formation pathway involving the carbon-pool mechanism.
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discussed above are consistent with the following reaction
mechanism. Ethene is first dimerized to 1-butene and then
oligomerized further on Ni(n) sites,”’ whereas strong BAS
catalyze olefin aromatization to BTXE,*> and provide
protonated aromatic species that can be alkylated by olefins
such as 1-butene. Cracking of the side chain of the resulting
intermediates may form propene and regenerate the cationic
aromatic species (Scheme 1). This carbon-pool mechanism is
thus complementary to the ETP mechanisms proposed
previously (chain growth on Ni sites and cracking of
oligomers on the strong BAS),>> and is related to the
pathways of the zeolite-catalyzed ETP reaction.*®*’

In conclusion, we have reported that Ni-based catalysts
with abundant strong BAS show a higher propene
productivity relative to catalysts with less abundant strong
BAS. The role of the strong BAS is not only limited to the
cracking of ethene oligomers, but they also catalyze the
aromatization of ethene and higher olefins to BTXE products.
When protonated, these aromatics can be further alkylated,
which in turn facilitates the cracking process (ie., the
carbon-pool mechanism). Lastly, the formation of Ni
aluminate sites on the amorphous alumina overlayer
prevents Ni(u) from overreduction which would lead to the
formation of Ni nanoparticles. These findings expand the
scope and understanding of Ni-based catalysts in the ETP
reaction. Our future work will focus on the development of
isolated Ni(u) sites that are stable under ETP conditions in
the presence of abundant strong BAS. Moreover, kinetic
studies will be needed to improve our understanding of the
role of the cracking of linear oligomers vs. the cracking of
alkylated aromatic species in the ETP reaction.
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