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Tuning Catalytic and Electronic Properties of Supported Ni Catalysts by Altering Zeolite Beta Elemental

Composition

Abstract

Zeolites are commonly used as a support for transition metal catalysts due to their high surface
area, ability to stabilize isolated cations, and porous structure. The basic building block of a zeolite is the
TOy tetrahedra where T is usually Si*" but can be substituted with other elements such as AI**, Fe**, and
B**. The charge disparity that results from these substitutions creates the need for an extraframework cation
that can be a transition metal. The compositional flexibility of certain zeolite frameworks, such as BEA and
MFI, make them a good candidate to use a modular support whose elemental composition can be modified
without changing the crystallographic structure of the support. The research in this dissertation was focused
on using the flexibility in elemental composition of the BEA zeolite framework to tune the properties of a
supported metal. The electron density, as well as reactivity, of a supported metal catalyst can be influenced
by changes in zeolite elemental composition. This approach resulted in an increased understanding of how

zeolite composition influences highly dispersed, supported metals.

Zeolite Beta (BEA framework) supported Ni catalysts were synthesized and tested for catalytic
activity using ethylene dimerization. The naming convention that will be used is M-[X]-Beta, where M is
the extra-framework cation and X is the heteroatom composition. The catalysts were characterized using
Fourier Transform Infrared Spectroscopy (FTIR) with various probe molecules, N, adsorption, x-ray

diffraction (XRD), catalysis, and thermogravimetric analysis (TGA). Ni was dispersed onto H-[X]-Beta (X



= Al, Ga, and Fe) via anhydrous deposition by using n-pentane solvent and Ni(acac); as the metal source.
N> adsorption, as well as XRD, demonstrated that there is no significant change to the crystallinity or pore
structure of the zeolite after Ni deposition. CO and NO adsorption onto the cationic Ni sites showed the
presence of Ni in extraframework exchange positions and the relative electron density of the Ni cation
increases in the order Ni-[Fe]-Beta > Ni-[Ga]-Beta > Ni-[Al]-Beta. C;H4 adsorption shows that the Ni
cations on Ni-[Ga]-Beta and Ni-[Al]-Beta have alkyl ligands bonded to them of various length, while after
exposure to CoHs the adsorbed species on Ni-[Fe]-Beta are butenes. As C,H4 dimerization catalysts,
operating at 180 °C and 2.16 kPa C,H4, the activity towards the formation of butene is in the order: Ni-
[Fe]-Beta > Ni-[Ga]-Beta > Ni-[Al]-Beta. The activation energy was measured to be 44.8 kJ/mol and 32.4
kJ/mol for Ni-[Al]-Beta and Ni-[Fe]-Beta respectively, indicating that Ni-[Fe]-Beta is more effectively

stabilizing the TOF determining transition state.

Ni was atomically dispersed into the vacant silanol nests of dealuminated Beta zeolite and used as
a CoHs hydrogenation catalyst. NH4-[Al]-Beta was dealuminated with HNOs to create silanol nests, then
Ni was deposited using Ni(acac); in n-pentane. After evacuation of the solvent the sample was calcined in
air to remove the acac ligands. The Ni sites were probed by solid-state FTIR with CO and NO adsorption,
which confirmed the presence of cationic Ni** in silanol nests. X-ray Absorption Spectroscopy (XAS) of
the oxidized Ni-[DeAl]-Beta was used to determine the geometry and average local environment of the Ni
sites. Wavelet analysis of Ni-[DeAl]-Beta and NiO was used to show the absence of Ni — Ni scattering in
the oxidized Ni-[DeAl]-Beta extended x-ray absorption fine spectrum (EXAFS). The pre-edge feature of
the XANES region suggested that Ni is in a tetrahedral geometry. EXAFS fitting found a Ni — O
coordination number of 4 and Ni — Si coordination number of 4, consistent with Ni dispersed into silanol
nests. Ni-[DeAl]-Beta catalysts were activated by reduction in 10% H> at 300°C, then used for C,H4
hydrogenation. XANES after reduction shows approximately 50% of Ni sites are reduced to a metallic state.
EXAFS analysis shows Ni metallic clusters of approximate 1 nm in size based on Ni — Ni coordination

numbers. STEM images also indicate that there is a lack of large Ni clusters (> 1 nm) after reduction of Ni-



[DeAl]-Beta. Ni-[DeAl]-Beta was found to be 20-fold more active than Ni-[Al]-Beta and 2.9-fold more
active than NiO-SiO; as a C;H4 hydrogenation catalyst. The work in this dissertation furthers knowledge in
the field of heterogenous catalysis forward by demonstrating how zeolites can be used as a modular support
for transition metals. The compositional flexibility in zeolite Beta is leveraged to influence the active metal
site without changing the crystallographic structure of the support. The fine control over the electronic
properties and geometry of active Ni sites represents progress towards more creating more tunable sites for

a heterogenous catalyst.

Vi



Acknowledgments

I would like to thank the Alex Yeh and Noah Felvey who were with me from the beginning and helped to
establish the Runnebaum lab. They worked with me to setup most instruments in the lab, a process that
was totally foreign to me. They also helped me grow as a researcher and person throughout my PhD. As

friends and colleagues, I could not have asked for better people to work with.

I thank my advisor Ron Runnebaum for giving me the freedom to work towards goals that I found

interesting.

I would like to thank my collaborators Jiyun Hong, Adam Hoffman, and Simon Bare for running

experiments, fitting EXAFS data, and helping troubleshoot issues that we came across.

I would like to thank the burrito crew of the Gates and Runnebaum lab members for always being

supportive and getting burritos of sadness, happiness, or any other emotion.

I thank my family for being supportive throughout my PhD.

I would like to thank all my lifting and coffee drinking partners for making each morning fun.

I thank all the friends I have made at Davis who made the experience truly memorable.

Vi



List of Publications

1.

Meloni, M. & Runnebaum, R. C. Tuning supported Ni catalysts by varying zeolite Beta
heteroatom composition: effects on ethylene adsorption and dimerization catalysis. Catal. Sci.
Technol. 11, 3393-3401 (2021).

Albrahim, M. ef al. Reduction and Agglomeration of Supported Metal Clusters Induced by High-
Flux X-ray Absorption Spectroscopy Measurements. J. Phys. Chem. C 125, 11048-11057 (2021).
Felvey, N. W., Meloni, M. J., Kronawitter, C. X. & Runnebaum, R. C. Ethane dehydrogenation
over Cr/ZSM-5: Characterization of active sites through probe molecule adsorption FTIR. Catal.

Sci. Technol. 10, 5069-5081 (2020).

viii



Chapter 1: Introduction



1.1 Introduction
Supported metal catalysts are commonly used for a wide variety of chemical reactions such as

hydrogenation, oligomerization, and selective catalytic reduction.! A current challenge in the field of
metal supported catalysts is understanding how the support influences the electronic properties and
reactivity of the supported metal. The metal support interactions can drastically affect the activity and
selectivity of a metal catalyst.* Zeolites are high surface area, porous and crystalline silicates that are used
themselves as a catalyst and for cation ion-exchange. The charge disparity introduced into the zeolite
framework of substituting T>* (T = AI**, Ga*", Fe** or B¥), referred to as heteroatom substitution, instead
of Si*" requires extraframework cation sites to balance the negative charge of the zeolite framework.’ The
composition of the heteroatom influences properties of the zeolite such as the acidity when H' is the
extraframework cation.®® Transition metals such as Cu, Ni, and Pt can also be dispersed onto these
extraframework cation sites.” Altering the elemental composition of the heteroatom site while keeping the
same zeolite framework, enables studying of how support-metal interactions can be tuned while keeping
the same 3-D structure of the support. Zeolite Beta is unique among zeolites because it is a large pore zeolite
and can be synthesized with a variety of heteroatoms.'®'2 Not only is it able of incorporating T*
heteroatoms, but other elements such as Ni, Ti, and Sn can be inserted into the zeolite framework.">"!> The
compositional flexibility of zeolite Beta enables its use as a tunable support to influence the properties of a

supported metal cation, while keeping the crystallographic structure of the support the same.

Ni is commonly used in catalysis as an active metal site because it effectively catalyzes a variety
of reactions and costs orders of magnitude less than other platinum group elements. One reaction of interest
is the building of longer chain hydrocarbons from smaller ones by alkene di-/oligo-merization.'®"!® This
approach is a shift compared to traditional methods of creating medium chain hydrocarbons which involves
the processing of petroleum.'® Instead, sustainably sourced smaller hydrocarbons, such as C,H4 produced
from ethanol, can be used as the feedstock replacing petroleum.!”-?>?! Typical catalysts studied for CoHy di-
/oligo-merization are cationic Ni dispersed onto aluminosilicates such as [Al]-Beta and [Al]]-MCM-41.2224

C,H4 dimerization with Ni-Beta catalysts presented an opportunity to study how Ni catalysts can be tuned

2



to increase activity and selectivity through changes in zeolite elemental composition. The local coordination
environment of the supported Ni cations should remain similar between the different elemental
compositions of Beta, but the electron donating/withdrawing properties of the support will be altered via

heteroatom compositional changes.

In Chapter 2, the effect of zeolite Beta framework composition on the properties of a supported Ni
cation is examined. The hypothesis was that the electron donating/withdrawing properties of the support
could be altered by changing the elemental composition of the Beta zeolite. The relative electron density of
the Ni cations is probed with Fourier transform infrared spectroscopy (FTIR) using CO and NO adsorption
to the Ni sites. The interaction of the Ni sites with C,Ha, reactant for dimerization, was examined by C>Hs4
adsorption at room temperature with FTIR. The results from FTIR probe molecules demonstrated that the
Beta support composition influences the electron density of the Ni cation, as well as the interaction with
C,H4. The electron density of the Ni cations increased in the order Ni-[Fe]-Beta > Ni-[Ga]-Beta > Ni-[Al]-
Beta (where [X] is the framework heteroatom and Ni is an extraframework cation). The Ni-[X]-Beta
catalysts were used for C,Hs dimerization to determine if activity and selectivity can be increased by
altering the support composition. It was found that Ni-[Fe]-Beta was 2.4-fold more active than Ni-[Al]-

Beta and more selective towards the formation of butenes.

In Chapter 3, the research builds upon Chapter 2 by examining in more detail the differences in Ni
sites between Ni-[Fe]-Beta and Ni-[Al]-Beta. The activation energy for C;Hs dimerization was determined
for both catalysts between 160 — 200°C, with values of 32.5 kJ/mol for Ni-[Fe]-Beta and 48.8 kJ/mol for
Ni-[Al]-Beta respectively. The difference in activation energy indicates that Ni-[Fe]-Beta is more effective
at stabilizing the TOF determining transition state. The reducibility of the Ni cations was compared using
temperature programmed reduction (TPR) with CO by using solid-state FTIR spectroscopy. The Ni cations
present in Ni-[Al]-Beta were more reducible by CO, as indicated by the appearance of Ni* carbonyl bands
at lower (ca. 80°C) temperature than Ni-[Fe]-Beta (ca. 220°C). The influence of H> on the activity of Ni-

[Fe]-Beta was studied by varying the partial pressure of H, from 0 — 32 kPa during catalysis. The increase



in H; partial pressure increases the rate of butene formation at the expense of selectivity. At 32 kPa H, there
is a sharp decrease in butene selectivity from 0.75 to 0.59 over 1 h. The effect of preparation method was
studied by synthesizing a sample by using anhydrous deposition (with Ni(acac),) and by dispersing Ni via
ion exchange with Ni(NOs),. The reaction rate (normalized by amount of dispersed Ni) of Ni-[Fe]-Beta
prepared by ion-exchange was 1.4-fold higher than the catalyst prepared via anhydrous deposition, but the

activation energy measured was the same.

The work in Chapter 4 demonstrates how the removal of framework heteroatoms can create isolated
Ni sites that enable the synthesis of nanometer-sized metallic Ni clusters. Framework Al was removed from
NHs-[Al]-Beta through an acid treatment to form silanol nests in place of framework Al. Ni deposition,
followed by calcination, resulted in Ni reoccupying the silanol nests (material is referred to as Ni-[DeAl]-
Beta). The Ni sites were characterized with CO and NO adsorption with FTIR spectroscopy as well as with
x-ray absorption spectroscopy (XAS) and scanning transmission electron microscopy (STEM). CO and NO
adsorption were used to show the presence of Ni initially in a silanol nests. The pre-edge peak in the X-ray
absorption near edge spectrum (XANES) showed that Ni was in an approximately tetrahedral geometry.
The fit of the extended X-ray absorption fine structure (EXAFS) was consistent with Ni reoccupying silanol
nests. Ni-[DeAl]-Beta was tested as a C;Hs hydrogenation catalyst then compared to other catalysts Ni-
[Al]-Beta and NiO-SiO,. Prior to catalysis, the materials were treated in 10% H» at 300°C. The reduced Ni-
[DeAl]-Beta catalyst was characterized using CO adsorption as well as XAS and STEM. The resulting fit
from the extended x-ray absorption fine structure (EXAFS) is used to estimate the size of metallic Ni
nanoparticles to be approximately 0.9 — 1.2 nm. The STEM images of the reduced catalyst show a lack of
large (> 1 nm) nanoparticles, which is consistent with metallic particles of 1 nm or less. The activity of Ni-
[DeAl]-Beta for hydrogenation was 16-fold higher than Ni-[Al]-Beta and 2-fold higher than NiO-SiO,. The
effect of reduction temperature was studied to better understand the catalytically active Ni sites. Catalytic
activity was tested after reduction of Ni-[DeAl]-Beta at 200°C, 250°C, and 300°C; the apparent reaction

rate of was 6% lower after reduction at 250°C compared to 300°C. Reduction with H, at different



temperatures was also monitored with FTIR spectroscopy by reducing in Ha, then adsorbing CO at room
temperature. The results show that less Ni° is formed after reduction at 250°C compared to 300°C. This
difference suggests that either highly active Ni° is formed at 250°C or cationic Ni in silanol nests is also

active for C,H4 hydrogenation.
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2.1 Abstract

The influence of zeolite heteroatom composition on the electron density and catalytic activity of a supported
Ni cation is examined. Ni-[ X]-Beta catalysts, where X = Al, Ga, Fe, or dealuminated, were synthesized and
characterized with probe molecule adsorption with FTIR spectroscopy and C>H4 dimerization catalysis. It
was observed via CO adsorption that supported Ni cations were increasing in electron density in the order:
[Fe]>[Ga]>[Al]. C;H4 dimerization activity increased with increasing electron density of the Ni cation.
Despite similarities in reported acid site strength, the acid sites on [Fe]-Beta in this work had significantly
lower activity than [Ga]-Beta for the skeletal isomerization of linear butenes as well as C;H4 dimerization.
Introducing H» as a reactant resulted in a decrease in dimerization activity for Ni-[Al]-Beta and Ni-[Ga]-
Beta but an increase for Ni-[Fe]-Beta. The selectivity and activity of Ni-[DeAl]-Beta changed dramatically
with the introduction of H,, which subsequently converted all C,H4 with ca. 100% selectivity towards CoHe
(even with a lower space velocity relative to without H,). These results demonstrate the ability of
heteroatom composition to tune catalysis by using C;H4 dimerization catalysis as a test reaction with zeolite

Beta supported Ni catalysts.

2.2 Introduction

Zeolites are widely used as supports for transition metal catalysts because of their size selecting features,
highly uniform crystalline structure, and extra-framework cation exchange sites.!” Zeolite frameworks are
regular structures composed of TOj4 tetrahedra, where T is generally Si** but can be substituted with trivalent
cations such AI**, Fe**, Ga**, and B*" (referred to as the heteroatom).* The charge imbalance between Si**
and the T** heteroatom is compensated by an extraframework cation such as Na*. Zeolites are frequently
used as solid acid catalysts with H" as the charge compensating extraframework cation. These cation
exchange sites often become the support ligand sites of transition metals on zeolites. Zeolite supported
metal catalysts have a wide variety of applications such as Zn, Cu, and Fe are commonly studied catalysts

for relevant reactions such as alkene upgrading and selective catalytic reduction.>”’
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Zeolites of the same framework (e.g. MFI, BEA) but with different heteroatoms have been observed to
exhibit different catalytic activities in acid catalyzed reactions such as alkane cracking or methanol
dehydration on the basis of the identity of the heteroatom.®® Experimental measurements of the intrinsic
acidity of a zeolite can be difficult to interpret due to convoluting effects when using probe molecules, such
as interactions with the zeolite framework.'” However, the theoretically calculated deprotonation energy
(DPE) has appeared as a good descriptor, correlating well with activity of MFI zeolites for methanol

8,11,12

dehydration. In methanol dehydration, this outcome is because the rate constant in the zero-order
kinetic regime is insensitive to van der Waals interactions. The differential DPE is related to the ability of
the surface oxygens on the TOy4 tetrahedra to stabilize the negative charge when various trivalent cations
are substituted into the framework. Zeolite used as a solid acid catalyst with different heteroatoms have
been observed to catalyze reactions such as methanol dehydration, alkane cracking, and toluene alkylation

differently depending on the framework composition.!'"!314

When Na* or H" is replaced by a transition metal, one would expect changes in electron density of the
supported metal. Because the support oxygens can be considered ligands on the supported metal,'> this
interaction is analogous to changing the ligands on an organometallic complex to alter the properties of the
metal center. The resulting changes in electron density of the metal are anticipated to be consistent with
reported differences in electron donating/withdrawing properties of the oxygens on the TO4 when the
identity of the heteroatom is varied. Other methods that have been explored to influence a supported metal
cation involve changing the zeolite framework or using a metal oxide support.' Since cation exchange sites
are similar within a given zeolite framework'®, such as BEA, zeolite framework composition enables the
creation of extraframework cation sites that are geometrically similar between chemically different zeolite

supports.

C,H4 upgrading is an important class of reaction that enables the creation of longer hydrocarbon molecules
from relatively simple building blocks, including those obtained from more sustainable sources.!”?° The

process can be environmentally friendly given C,H4 can be more sustainably produced from the conversion
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of ethanol or methanol.!?!>2 Many of the catalysts used are transition metals dispersed on zeolites such as
Zn, Mo, and Rh for alkene/alkane aromatization and C,Hs dimerization respectively.>**** While Rh-based
catalysts are highly active for C,H4 dimerization,? the relatively high cost of Rh motivates the investigation
of other transition metal catalysts. Ni catalysts supported on aluminosilicate zeolites such as Beta, Y, and
MCM-41 have been studied for CoHs dimerization.?* Selectivity of the catalyst depends, in part, upon the
mechanism of dimerization, which can favor 1-butene or a mixture of linear butenes.>**! Additionally, the
presence of acid sites can catalyze the skeletal isomerization of linear butenes to isobutene. In this work,
we report the impact of framework elemental composition of Beta zeolites on the electron density of
supported Ni cations, as well as the resulting catalytic activity and selectivity when used for C,H4

dimerization catalysis.

2.3 Experimental Methods

Catalyst Synthesis. Zeolites will be referred to as M-[X]-Beta, where M is the extraframework cation and
X is the framework heteroatom. Na-[B]-Beta was synthesized by adapting a procedure from Reddy et al.*
Typically 12.5g of colloidal SiO, (40 wt%, Alfa Aesar) was added to 15.8g of Tetracthylammonium
hydroxide (TEAOH 35% in water, Alfa Aesar). A solution of 0.398g H3BOs (Fischer Scientific) dissolved
in 9.19g of H»O was added to the previous solution and stirred for 1 h. A solution of 0.346g of NaOH
(Honeywell) dissolved in 7.46g of H>O was then added to the previous solution. The resulting gel (10SiO;:
7.3TEAOH: 0.77H3B0O;: 1.0NaOH: 110H,0) turned opaque and viscous upon addition of the final solution,
then was aged overnight at room temperature. After aging overnight, the solution was clear and was seeded
with ca. 50mg of Na-[B]-Beta before being transferred to a 125 mL Teflon lined Parr autoclave vessel.
Hydrothermal synthesis took place statically at 140°C for 11 days. Template removal was done by
calcination at 600°C for 6 h, with a 1 h soak at 120°C and 2°C/min ramp rate. [Ga]-Beta was synthesized
via heteroatom re-insertion done by post-synthetic treatment of Na-[B]-Beta.**** Typically, 1.0g of Na-[B]-
Beta was combined with 50mL of 0.25M Ga(NOs)3 in a thick walled glass round bottom pressure vessel.

The solution was stirred at 80°C for 96 h, then centrifuged with DI water, NH4 ion exchanged, and then
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calcined at 400°C in 10% O to obtain H-[Ga]-Beta. [Fe]-Beta was synthesized using a procedure from
Raja et al.*>® Typically 0.0775g of NaOH and 0.0575g of KOH were added to 10.6g of 35% TEAOH. 3.00g
of fumed SiO, was added to the solution and stirred for 4 h. A solution of 0.306g ferric sulfate (ACROS
Organics) dissolved in 3.68g of H.O was slowly added to the previous solution over 30 minutes. The
solution (10SiO,: 5.0TEAOH: 0.25Fe,03: 0.39NaOH: 0.21KOH: 41H,0) was then transferred to a 23mL
Teflon liner in a Parr autoclave vessel, hydrothermal synthesis took place statically at 140°C for 15 days.
The resulting white zeolite was washed with H,O then calcined in 10% O, at 480°C for 4 h with a 1 h hold
at 120°C and ramp rate of 2°C/min. [Al]-Beta zeolite with Si/Al=19 (NH4-[ Al]-Beta) was purchased from
Zeolyst (CP814C). Zeolites were converted to NHs-[X]-Beta via ion exchange by two consecutive
exchanges mixing the zeolite with 1M NH4NOs for 24 h at room temperature. Samples were converted to
H-[X]-Beta by calcination in 10% O (zero air, Praxair), 90% N> (99.999%, Praxair) at 600°C and 400°C
for 6 h for NHs-[Al]-Beta and NH4-[Fe]-Beta respectively. [DeAl]-Beta was synthesized by dealuminating
NHs-[Al]-Beta in 13M HNOj; at 80°C for 16 h. The sample was then calcined in 10% O, at 600°C for 4 h

before Ni deposition.

Ni was dispersed on H-[X]-Beta zeolites by mixing the given support with Ni(acac), (acac=
acetylacetonate; STREM chemical, min 95%) and n-pentane in a Schlenk flask such that the Ni
loading was 1wt% (£0.02%, exact Ni loading was calculated for each sample). The solution was
stirred for 24 h and then the solvent was evacuated for 24 h. After evacuation, the sample was
calcined in 10% O> at 550°C for 4 h with 2°C/min ramp rate, then transferred without exposure to
air to a glovebox. All work was done in a glovebox or with a Schlenk line to exclude moisture and
oxygen. Catalyst structure was determined by powdered x-ray diffraction (PXRD) and N
physisorption with details reported in the Supplemental Information (Figures S2.11-S2.14, Table
S2.3). Catalyst structure was confirmed by powdered x-ray diffraction (PXRD) and N
physisorption with details reported in the Supplemental Information (Figures S2.11-S2.14, Table

S2.3). The XRD patterns confirm the zeolite Beta crystal structure for all catalysts. N> adsorption
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experiments before and after Ni loading, in which relatively small changes in surface area are
observed, suggest the support is not significantly affected by the metal deposition.

FTIR. Samples stored in a glovebox were pressed into self-supporting wafers, with approximately
25mg of sample, then loaded into a Harrick high temperature transmission cell. Diffuse Reflectance
cell measurements were performed with pure zeolitic samples. Fourier Transform Infrared
Spectrometry (FTIR) spectra were taken by a Bruker Tensor II with 2cm™! resolution and 128 scans
collected per spectrum. For subtraction spectra, a spectrum (in N») before reactive gas (CO, NO, or
C>H4) treatment was subtracted from the resulting spectra. N> (99.999%, Airgas) and C;H4
(99.998%, Matheson) were passed through traps containing reduced Cu and molecular sieve to
remove oxygen and moisture respectively. CO (99.999%, Matheson) was passed through a trap
containing y-Al,Os and molecular sieve to remove trace moisture and metal carbonyls.

Catalysis: C;H4 Hydrogenation. Catalysts, stored in an Ar-filled glovebox, were weighed directly
into a 6.35mm OD quartz tube, and were diluted with 100mg of a-Al,Os. The samples in the quartz
tube were transferred from the glovebox to a three-zone furnace with the exclusion of air and
moisture. Prior to catalysis, samples were heated to 350°C for 2 h in N,. After the samples were
allowed to cool to 180°C, they were used for C;H4 dimerization. CoH4 dimerization was performed
with all catalysts at 180°C, 2.16 kPa C>H4 or in a separate experiment with 8.66 kPa H, (99.999%,
Praxair) at the same temperature and C,H4 partial pressure. C;H4 conversion was calculated via
carbon balance by using a Gas Chromatograph equipped with a Flame lonization Detector.
Calibration was done with a custom gas mixture from Matheson. In all catalysis experiments the
C>H4 conversion was kept between 2-6% unless otherwise noted. Blank reactions were run with the
bare support; any activity was subtracted from the Ni based catalysts by assuming a consumption

of 2H" per Ni?" cation.
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2.4 Results and Discussion

C>H4 Adsorption.
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Figure 2.1. C;Hy4 adsorption at room temperature onto oxidized Ni-[X]-Beta catalysts. Bands uniquely in
the Ni-[Fe]-Beta spectrum are assigned to adsorbed butene. The bands in the Ni-[Al]-Beta and Ni-[Ga]-

Beta spectra are assigned to alkyl ligands of various length. Bands position and assignments are reported
in Table 1.

C,H4 adsorption spectra of Ni-[X]-Beta zeolites are shown in Figure 2.1. Ni-[Ga]-Beta and Ni-[Al]-
Beta share a set bands assigned to alkyl ligands,**3” reported in Table 2.1, at 2957, 2923, 2872, and
2846 cm!. In addition to these bands the Ni-[Ga]-Beta exhibits bands at 3013, 2944, 2890 and 2864
cm!, shown in Figure S2.1, which are shared with Ni-[Fe]-Beta. Ni-[Fe]-Beta is also characterized
by bands, which are listed in Table 2.1, at 3013, 2968, 2943, 2925, 2890, and 2863 cm™'. These
bands likely correspond to butene adsorbed to silanol and Ni sites.*® The Ni-[Ga]-Beta, Ni-[Al]-
Beta, and Ni-[Fe]-Beta samples showed a decrease in absorbance due to terminal and bridging
acidic silanols (3741 and 3636[Fe], 3618[Ga], 3605[Al] cm™!, respectively)***' suggesting that
dimerization products adsorb to acid sites at room temperature. C,H4 adsorption onto Ni-[DeAl]-

Beta resulted in bands at 3016, 2961, 2925, and 2857 cm™!; 3016 cm™! is assigned to n-bonded CoHy4
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while the rest are assigned to alkyl ligands.*? Experiments with the bare support, which lacks
dispersed Ni, did not show decreased silanol absorbance after dosing C,Hs, providing more
evidence for the adsorption of dimerization/hydrogenation products to silanols. The control
experiments without dispersed Ni also provide evidence that extraframework heteroatoms are not
interacting directly with C;Hs4. C;H4 adsorption gives some insight into how the Ni sites interact
differently with C,Ha4. Ni-[Al]-Beta and Ni-[Ga]-Beta have similar bands representative of alkyl
ligands on the Ni sites. In addition to these alkyl bands, Figure S2.15 shows the bands corresponding
to isolated silanols and briding acidic silanols (3740 and 3618 cm™, respectively for Ni-[Ga]-Beta,
3740 and 3607 cm! respectively for Ni-[Al]-Beta)**** decreased. No increase or decrease of OH
bands was observed when C,H4 adsorption was performed with the bare support, suggesting that
products of dimerization could be adsorbed to various silanol sites. An alternative explanation is
that silanols near Ni sites are participating in the adsorption/catalysis of C;H4. However, isolated
silanol bands decreased as well and by lack of proximity should not be interacting with the Ni sites;
therefore observed this decrease in absorbance is more consistent with the
adsorption/hydrogenation of products rather than C,Ha.

Table 2.1. Bands after C;H4 adsorption at room temperature onto oxidized Ni-[X]-Beta catalysts. Bands
with marked with * are transient and decrease with increasing time after C;H4 exposure.

Catalyst Butene Bands Alkyl Bands
Ni-[Al]-Beta - - 2957, 2923, 2872, 2856
Ni-[DeAl]-Beta - - 3016, 2961 2925, 2857
2924, 2890,
Ni-[Fe]-Beta 3013, 2968, 2943 2863, 2854 - -
Ni-[Ga]-Beta *3013, *2944 *2890, *2864 2960, 2932, 2873

CO and NO Adsorption: Electron Density of Metal Center.

The relative electron density of the Ni cations was probed with CO and NO adsorption Ni-[X]-Beta because
these probe molecules are sensitive to the electron density of Ni. A reduction was done before CO
adsorption because on the Ni* carbonyls, and not Ni?* carbonyls, are sensitive to the electron density of the

Ni cation.** CO adsorption was performed at 30°C on all catalysts after reducing the Ni sites in 10% CO,
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balance N», at 300°C for 15 minutes and cooling in N> to 30°C. CO was then dosed into the cell and spectra
were recorded as CO was purged out of the cell with N». The spectra for Ni-[Al]-Beta, Ni-[Ga]-Beta, and
Ni-[Fe]-Beta, shown in Figures S2.2, S2.3 and S2.4, respectively, follow similar patterns with Ni**-CO
being present as well as Ni*-(CO), that decompose into Ni*-CO with increasing time after CO pulse. Band
positions and assignment of the Ni carbonyls are given in Table 2.2. In addition to Ni carbonyl bands, Ni-
[Fe]-Beta, shown in Figure S2.4, also exhibits a band at 2183 cm'. This band corresponds to Fe*-CO likely

formed from the reduction of extraframework Fe,Os.

Table 2.2. Summary of carbonyl bands after samples were reduced in 10% CO at 300°C and nitrosyl bands
of NO adsorption onto oxidized materials.

Catalyst Ni2-CO Ni'(CO)s  Ni*<(CO)s  Ni*-CO  Ni*~(CO)y Ni2"-(NO),
Ni-[Al]-Beta 2212 2138 2096 2112 - 1896, 1888, 1874
1893, 1903, 1898,
Ni-[Ga]-Beta 2209 2136 2092 2107 - 1886, 1839
Ni-[Fe]-Beta 2207 2133 2089 2103 - 1889, 1865, 1841
2137, 2124,
Ni-[DeAl]-Beta 2197 2090 2074 1879, 1834, 1869

Figure S2.5 shows CO adsorption onto Ni-[DeAl]-Beta. Bands at 2197, 2136, 2125, 2074, and 2090 cm’!
are assigned to Ni?*-CO, Ni*-(CO),, Ni*-(CO),, Ni*-(CO), Ni*-(CO), respectively, re-occupying empty
silanol nests that were previously occupied by Al, where the 2125 and 2136 cm™ bands are assigned to
complex specified carbonyls. All assignments agree with previous literature, except for the 2074 and 2090
cm’! bands which will be discussed.** At high CO coverages, shortly after the CO pulse, the bands at 2125
cm! and 2074 cm! dominate the spectra and decrease with increasing time after the CO pulse. The band at
2090 cm! grows as the 2125 and 2074 cm™! bands decrease. An isosbestic point at 2083 cm™! indicates a
direct conversion of a dicarbonyl (Ni*-(CO),), 2074 cm’!, to a monocarbonyl (Ni*-(CO)) at 2090 cm’'.
These assignments are the opposite of those reported for low temperature CO adsorption, however we
believe the clear isosbestic feature in our data confirms our assignment. NO adsorption was performed at

room temperature on previously oxidized catalysts. A comparison of NO adsorption spectra, characterizing
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Ni-[X]-Beta catalysts, is shown in Figure S2.6. NO was repeatedly dosed into the FTIR cell and spectra
were recorded. The NO adsorption bands for all catalysts are summarized in Table 2. Ni-[Al]-Beta has
bands at 1896, 1888, and 1874 cm™, 1896 cm™ has been previously been assigned to Ni**-NO in
extraframework cation exchange sites.** Bands at 1888 and 1874 cm™! are likely due to Ni>*-(NO); as they
are similar to those assigned in Ni-[Al]-MFI but we have insufficient evidence to make definitive
assignments. It is worth noting that there is lack of consensus on the assignment as the Ni-[Al]-MFI bands
have been separately assigned to Ni**~(NO), and Ni**-NO.**Analogously, Ni-[Fe]-Beta bands at 1889,
1865, and 1841 cm™! are likely due to Ni*?*-NO and Ni**-(NO),, Ni**-(NO) respectively. Bands observed
on Ni-[Ga]-Beta at 1903, 1898, and 1893 cm™! are likely Ni**-NO, while 1886 and 1839 cm™! are likely
Ni**-(NO),. However, due to the complexity of the spectra and relatively small amount of literature these
assignments are tentative. The Ni-[DeAl]-Beta NO adsorption has bands at 1879, 1869 and 1834 cm™! which

have been previously assigned to Ni**-NO of Ni reoccupying silanol nests.*’

The relative electron density of the Ni cations was probed with CO and NO adsorption. Band assignments
for CO adsorption are listed in Table 2.2, with the desorption spectra shown in Figures S2.2—S2.5. The Ni'-
(CO)aas bands for the Ni-[X]-Beta catalysts are 2096, 2093, and 2091 cm™ for X= [Al], [Ga], and [Fe]
respectively. The decrease in wavenumber of this band is consistent with a more electron dense Ni cation
in the order [Fe]>[Ga]>[Al]. NO adsorption onto oxidized catalysts follow the same trend as CO adsorption
with Ni-NO bands decreasing in the order [Fe]<[Ga]<[Al]. Although we did not directly probe the oxidation
state of the Ni sites during catalysis, it is likely the Ni** is the active oxidation state given the recent
experimental and theoretical reports of Ni** being active while Ni* is a spectator species.?”-*-%* However,
it is worth noting that there are reports of the C,H4 dimerization activity correlated with concentration of

Ni* sites.*
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C>H4 Dimerization Activity and Selectivity.
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Figure 2.2. Turnover frequency of butene formation for Ni-[ X]-Beta catalysts at 180°C and 2.16 kPa C,H..
No activation period is observed when [Fe]- or [DeAl]-Beta was used as the support.
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Figure 2.3. Turnover frequency of butene formation in the presence of H, for Ni-[X]-Beta catalysts at
180°C, 2.16 kPa C,H4, and 8.66kPa H,. The activation period is observed for Ni-[Al]-Beta but none of the
other catalyst test in the presence of Ho.

Butene formation turnover frequency in the absence of H; is presented in Figure 2.2. Ni-[Al]-Beta
and Ni-[Ga]-Beta exhibit activation periods at short times-on-stream, approximately 0.5 h, while

the other catalysts do not show this behavior. Summarized in Table 2.3. when comparing the activity
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of these catalysts for C;H4 dimerization, the relative activity per mole of supported Ni is in the order
Ni-[Fe]-Beta > Ni-[Ga]-Beta > Ni-[Al]-Beta > Ni-[DeAl]-Beta ranging from 2.12x10-3-1.00x10*
[mol C4Hs (mol Ni s)!]. Dimerization in the presence of H, shown in Figure 2.3, follows the same
trend in relative activity, however an activation period is only observed with Ni-[Al]-Beta. Ni-
[DeAl]-Beta is omitted from this because the activity for dimerization in the presence of H, is
essentially zero, with a 99.9% selectivity towards C;Hs hydrogenation. Comparisons between
individual catalysts with and without H, can be seen in Figures S2.7—S2.9. Activity towards butene
formation in the presence of H, decreases for Ni-[Al]-Beta and Ni-[Ga]-Beta but results in an
average 1.2-fold increase with Ni-[Fe]-Beta. Butene selectivity for catalyst in the absence of H; is
shown in Figure 2.4. At 3.67 h on stream, all catalysts exhibit high selectivity, 92—98%, towards
butene formation but at shorter times on stream, a lower selectivity for some catalysts of 0.30, 0.69,
0.90, 0.98 for Ni-[Al]-, [Ga]-, [DeAl]-, and [Fe]-Beta respectively. In the presence of Ha, the
selectivities, shown in Figure 2.5, at 3.67 h time-on-stream decrease for all catalysts to 0.10, 0.44,
0.0, 0.52 for Ni-[Al]-, [Ga]-, [DeAl]-, and [Fe]-Beta respectively. All catalysts except for Ni-
[DeAl]-Beta show a similar trend of increasing butene selectivity until ca. 1.25 h time-on-stream

and then decreasing butene selectivity.
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Figure 2.4. Selectivity of butenes relative to total product formation for catalysts in the absence of H,. Ni-
[Ga] and Ni-[Al]-Beta exhibit similar trends in butene selectivity, including isobutene, starting low and
increasing to ~90% after 2 h TOS. This change in selectivity over time is consistent with an TOF induction
period observed during catalysis. Reaction conditions: 180°C and 2.16 kPa C,H,4
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Figure 2.5. Selectivity to butenes on the basis of total product formation for conversions in the presence of
H,. Except for Ni-[DeAl]-Beta, each catalyst exhibits the same trend in selectivity with increasing TOS.
Reaction conditions: 180°C, 2.16 kPa C,H4, and 8.66k Pa H,.

The relative activity in terms of moles of butene produced per mole of Ni increases in the order Ni-
[Fe]-Beta > Ni-[Ga]-Beta > Ni-[ Al]-Beta. Catalyst was performed with the bare zeolite, before Ni
was dispersed, to determine the effects of acid sites and/or extra-framework species on catalysis.
H-[Al]-Beta and H-[Ga]-Beta had measurable but relatively low activity compared to Ni-[Al]-Beta
and Ni-[Ga]-Beta. H-[Fe]-Beta had no measurable activity indicating that the acid sites and extra-
framework species are not active for CoH4 dimerization under these conditions. An activation period
is observed with Ni-[Al]-Beta and Ni-[Ga]-Beta, which is not observed with the other catalysts.
This activation period may be associated with the formation of the active site (Ni(II)-hydride or
Ni(IT)-alkyl/hydride).*** The lack of observation of the activation period with Ni-[Fe]-Beta and
Ni-[DeAl]-Beta, suggests that the formation of this active site is significantly faster on these
catalysts than on Ni-[Al]-Beta or Ni-[Ga]-Beta. The activity of the catalysts increases in the order

Ni-[Fe]-Beta > Ni-[Ga]-Beta > Ni-[Al]-Beta which is also the order of electron density of the Ni
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cations as observed with CO adsorption. There are proposals of the active site being Ni(II)OH for
dimerization that is formed due to Ni exchanging with a single Al site, instead of a paired Al site.>
We think it is unlikely that Ni(II)OH would survive our oxidative treatment before catalysis, as
there have been literature that suggests Ni(I)OH condenses to a Ni oxo-form after thermal
treatment on Ni exchanged MF1.*> While we don’t have enough information to determine if the Ni
cations are associated with a single or paired Al site, the Ni/[X] ratios, presented in table S2.2, are
low enough, and within the range of Co exchanges done in Beta by Dédecek et al, it is it likely most
Ni are sitting in paired Al sites. However, due to the difficulty of identifying whether a cation is at
a paired or isolated site we cannot definitively assign the Ni cations to isolated or paired [X] sites.
The increase in activity suggests that the Ni sites in Ni-[Fe]-Beta better at stabilizing transition
states mediating the formation of the Ni-butene complex proposed to be the rate limiting step.*® In
comparison to the Beta-supported Ni, Rh-Y catalysts are more active. When operating at Pcons =
40 kPa, T = 30°C, the TOF with Rh-Y is 10.8x10% s and 58.5x107 s”! (with 10 kPa H,).>> When
using [Fe]-Beta as a support to tune dispersed Ni, which is Earth-abundant and less expensive, a

TOF within an order of magnitude of that of Rh-Y was achieved in the absence of co-fed H,.
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Figure 2.6. Top: Selectivity of isobutene relative to total butene formation. Bottom: ratio of total 2-butene
formation to 1-butene. Results for dimerization carried out in the absence of Ho.
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Table 2.3. Summary of catalysis with materials at 180°C and 2.16kPa C,Hs at 3.7 h time on stream. TOF
units: [mol C4Hs (mol Ni s)'], selectivity presented as moles of listed product per mole of total product
formation.

TOF 2-butenes
Catalyst x10° Butenes Ethane Isobutene /1-butene TOF;7/TOF;
Ni-[Al]-Beta 0.87 0.95 0.023 0.068 7.6 0.75
Ni-[Ga]-Beta 1.2 0.98 0.016 0.065 7.6 0.70
Ni-[Fe]-Beta 2.1 0.98 0.019 0.013 7.2 0.80
Ni-[DeAl]-
Beta 0.10 1.0 0.0 0.0 3.1 0.09

The DPE is calculated as the energy difference between a neutral zeolite framework and a non-
interacting gas phase proton and negatively charged zeolite framework.®!? In the case of C>H,4
dimerization it is likely that charged carbocation intermediates interact with the zeolite framework
causing framework distortion of the heteroatom sites.’* These framework distortions are likely
different between H-[Ga]-Beta and H-[Fe]-Beta resulting in different activities for C;Hs
dimerization and butene isomerization despite similar acid site strength. The zeolite heteroatom
elemental composition influences the activity of the supported Ni cation, as well as the activity of
the acid sites for C;H4 dimerization.

The overall selectivity towards butenes as well as the ratio of 2-butenes to 1-butene were
characterized in order to understand more about the possible mechanism of dimerization between
the catalysts as well as the isomerization activity of the catalysts. The insertion-coordination
(Cossee-Arlman) mechanism has been observed on Ni dispersed on aluminosilicates.’®>*>5 The
metallacyclic mechanism selectively produces 1-butene’®3!, while the Cossee-Arlman mechanism
produces a mixture of 1-butene, cis-2-butene and trans-2-butene. In addition to this distribution of
isomers, acid sites (as well as Ni sites) in aluminosilicates have been observed to be active for the
skeletal isomerization of linear butenes. The 2-butene/1-butene ratios (Figure 2.6) are consistent
with the Cossee-Arlman mechanism for all the catalysts tested.

Although the theoretical acid site strength of Fe substituted zeolites should be similar to that of Ga
substituted zeolites (as demonstrated for methanol dehydration), Ni-[Fe]-Beta had higher selectivity

towards linear butenes, shown in Figure 2.6, than Ni-[Ga]-Beta while operating at a similar
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conversion. This suggests the residual acid sites present in Ni-[Fe]-Beta are significantly less able
to catalyze the skeletal isomerization of linear butene to isobutene. The Si/X ratio between [Fe]-
and [Ga]-Beta are similar as seen in Table S2.2 suggesting that there are not a lack of H' sites on
Ni-[Fe]-Beta compared to Ni-[Ga]-Beta. In addition, catalysis experiments with H-[Fe]-Beta
showed no activity for dimerization, in contrast with H-[Ga]-Beta which had some activity for C;Hs
dimerization. The results show that butene selectivity due to Ni sites, as well as H" sites, is altered
by changing of the zeolite framework heteroatom composition. Overall selectivity to butenes is
enhanced, especially at short times-on-stream, by using the zeolite hereroatom to tune the dispersed

Ni.

1.4 |
1.2 —W—Q_’/Q/@\Q 4
[ | . 1
S 08 R LR
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] —o— Ni-[Ga]-Beta
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0.4 . : . , i : . . '
0 1 2 3 4 5

Time on Stream [h]

Figure 2.7. The ratio of TOF [mol C4Hg (mol Ni s)'] in the presence of H, to TOF in the absence of H,. Ni-
[Ga]-Beta and Ni-[Al]-Beta see a decrease in TOF while Ni-[Fe]-Beta sees an increase.
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Figure 2.8. CoHg production rate for the given catalysts in the presence of H, (T=180°C; 2.16 kPa C;Ha,
8.66kPa H»). The Ni-[DeAl]-Beta TOF is not a true reaction rate due to the operation at 99.9% C,H4
conversion.

The addition of co-fed H> was examined because it has been demonstrated to enhance catalytic
activity in some catalysts®® and may assist in creating the active site for CoHs dimerization.>*>* In
addition, it is possible that co-feeding H» increases stability of the catalyst by creating conditions
where products that would otherwise deactivate Ni sites can be desorbed. Ni-[Fe]-Beta was shown,
in Figure 2.7, to be ca. 1.2-fold more active when H; is present in the feed stream. The sample with
the most significant change in activity, shown in Figure 2.8, was Ni-[DeAl]-Beta, which switched
from ca. 98% selectivity toward butenes (a dimerization product) in the absence of H> to 100%
selectivity towards C>Hg (a hydrogenation product) in the presence of H». In the presence of Ha, Ni-
[DeAl]-Beta operated at nearly 100% conversion operating at W/F = 5.0 s”! compared to W/F = 8.7
s and 1.1% conversion in the absence of H.

Future work will elucidate details for this dramatic change in activity of Ni-[DeAl]-Beta, but it is
possible that cationic Ni re-occupying empty silanol nests is highly active for C,H4 hydrogenation.
As shown in Figure 2.7, the overall rate of butene production was ca. 0.9-fold lower than in the

absence of H, at more than 2 h on stream for Ni-[Ga]-Beta and approximately the same for Ni-[ Al]-
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Beta. The rate of deactivation decreases upon the addition of co-fed H» for all the catalysts. The
rates of deactivation in the last 3 h of catalysis for each catalyst are reported in Table S2.1.
Mechanisms of deactivation have been proposed to be accumulation of large hydrocarbon products
that do not desorb from Ni sites, which prevent the sites from participating in further dimerization
catalysis. It is likely that the addition of H> helps to prevent this buildup of large molecular weight
products by hydrogenating intermediates before they can become too large to desorb from active
sites. The role of zeolite heteroatom resulted in enhancing activity of supported Ni when the
heteroatom was Fe, while reducing activity when the heteroatom was Al or Ga, and most
dramatically shifting conversion completely to hydrogenation products when a dealuminated Beta

support [DeAl] was used.
2.5 Conclusions

Ni was dispersed on Beta zeolites with different framework heteroatoms: Al, Ga, and Fe.
Differences in electron density of the supported Ni cations were observed by using CO and NO
adsorption experiments. Dosing of C;Hs at room temperature revealed differences in adsorbed
species between the catalysts. Ni-[Al]- and Ni-[Ga]-Beta showed adsorbed alkyl species of
unknown degree of oligomerization, while Ni-[Fe]-Beta exhibited bands representative of adsorbed
butenes. C;Hs dimerization activity in the absence of H; increased in the order Ni-[Fe]-Beta > Ni-
[Ga]-Beta > Ni-[Al]-Beta > Ni-[DeAl]-Beta. Despite the similarities in the acid site strength
between [Ga]-Beta and [Fe]-Beta, both the Ni and H" sites present in each catalyst have different
activity and selective for dimerization. Ni-[Fe]-Beta had higher activity and selectivity for butene
formation than Ni-[Ga]-Beta. The acid sites on H-[Ga]-Beta and H-[Fe]-Beta also exhibited
different activity for the dimerization of CoHa4, as well as the skeletal isomerization of linear butenes.
In the presence of co-fed H» the relative order of dimerization activity remained the same. The
introduction of H, to dimerization increased the activity of Ni-[Fe]-Beta, while Ni-[Al]-Beta and

Ni-[Ga]-Beta saw little change or a slight decrease in activity. The overall selectivity towards
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butenes decreased due to an increase in hydrogenation products. The Ni-[DeAl]-Beta catalyst
exhibited high activity and selectivity towards C,H4 hydrogenation in the presence of H,. These
results highlight the role of heteroatom in tuning the electronic properties of the supported Ni cation,

for selective adsorption and dimerization catalysis.
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Figure S2.7-S2.9. Catalysis of each catalyst in the presence and absence Ho.

Figure S2.10. Butene selectivities in the presence of Ha.
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Figure S2.13-S2.14. PXRD of catalysts and supports.

Figure S2.15. OH region of C,H4 adsorption FTIR adsorption spectra.

Figure S2.16. CO adsorption FTIR spectra of AP catalysts.
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Supporting Information.

N2 Physisorption. Samples, loaded into a capped tube in the glovebox to exclude exposure to
moisture and air, were transferred to a Micromeritics 3Flex instrument and degassed at 350°C for
4 h before measurements under dynamic vacuum. Samples were weighed in a glovebox before and
after analysis to ensure a dry weight was obtained. N> adsorption isotherms were taken at -196°C.
BET surface area was determined in the relative pressure range 0.001-0.05. Micropore volume
was calculated using the t-plot method using Harkins-Jura thickness equation relating relative

pressure to thickness of adsorbed layer.

Acid Site Titration. Acid site titration with isopropylamine was performed in a Netzsch Jupiter
F209 TGA-MS. The sample was exposed to isopropylamine in-situ at 30°C. The sample was then
heated to 527°C at 5°C/min in N2, 80mL/min total flow, with a 1 hour hold at 180°C to remove
physisorbed isopropylamine. The mass to charge ratios 17 (ammonia), 41 (propene), 44

(isopropylamine), and 58 (isopropylamine) were monitored during the experiment.

Table S2.1. Rate of deactivation of catalysts of the last 3 h of catalysis.

Deactivation over 3 h

Catalyst No H, H, H, —No H,
Ni-[Al]-Beta  25% 17% 8%
Ni-[Ga]-Beta 30% 25% -5%
Ni-[Fe]-Beta  20% 18% 2%

Ni-[DeAl]-Beta  91% - -
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Table S2.2. Acid site density, Si/X, and Ni/X of [X]-Beta zeolites. *Determined via

isopropylamine titration, *determined via ICP-MS.

Acid Site Densitya . . . .
Heteroatom [umol/g] Si/X Si/X Ni/H Ni/X
Al 735 22 19 0.24 0.21
Ga 616 25 24 0.27 0.27
Fe 712 22 19 0.24 0.22

Table S2.3. Surface areas and micropore volumes of catalysts derived from nitrogen physisorption

BET SA External SA
Extra-Framework Cation Heteroatom [m?%/g] Micropore Vol [cm?/g] [m%g]

Na' B 699 0.239 68.5
H Ga 665 0.199 159
Ni, H' Ga 643 0.188 169
H Al 694 0.204 174
Ni, H' Al 690 0.201 184
; DeAl 599 0.17 156
Ni DeAl 632 0.19 145
H Fe 705 0.204 186
Ni, H' Fe 695 0.220 128
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Figure S2.1. CoHy4 adsorption onto oxidized Ni-[Ga]-Beta catalyst. CoHs was pulsed into drifts

cell and purged from a to f. Spectra show butene bands desorb over time.
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Figure S2.2. CO adsorption at 30°C after reduction with CO at 300°C onto Ni-[Al]-Beta,

spectra after CO pulse a-f.
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Figure S2.3. CO adsorption at 30°C after reduction with CO at 300°C

onto Ni-[Ga]-Beta, spectra after CO pulse a-f.
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Figure S2.4. CO adsorption at 30°C after reduction with CO at 300°C onto Ni-[Fe]-Beta, spectra
after CO pulse a-f. Bands at 2207, 2133, 2103, 2089 cm™! correspond to Ni carbonyls while the

band at 2183 cm™! corresponds to extraframework Fe?* carbonyl.
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Figure S2.5. CO adsorption at 30°C after reduction with CO at 300°C onto

Ni-[DeAl]-Beta, spectra after CO pulse a-f.
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Figure S2.6. NO adsorption at room temperature onto oxidized Ni-[X]-

Beta, where X= Al, Ga, Fe, or DeAl.
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Figure S2.7. TOF of Ni-[Al]-Beta with and without H,. The addition of H» reduces of

the TOF but decrease the rate of deactivation.
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Figure S2.8. TOF of Ni-[Ga]-Beta with and without H>. The induction period is not

observed in the presence of H». The TOF decreases in the presence of Ho.
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Figure S2.9. TOF of Ni-[Fe]-Beta with and without H>. The activity is increased in the

presence of Ha, the rate of deactivation is not significantly altered.
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Figure S2.10. Top: Selectivity of isobutene relative to total butene formation. Bottom: ratio
of total 2-butene formation to 1-butene. Results for dimerization carried out in the presence

of Hy.
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Figure S2.11. N; physisorption isotherms for supports without dispersed Ni.

250

200

150

100 —=— Ni-[Al]-Beta .
—e— Ni-[Ga]-Beta
—4— Ni-[Fe]-Beta

Quantity Adsorbed [cm3/g STP]

50 - v Ni-[DeAl-Beta _
0 T T d T ¥ T '
0.00 0.25 0.50 0.75 1.00

Relative Pressure [P/P ]

Figure S2.12. N physisorption isotherms for catalysts with dispersed Ni
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Figure S2.13. Powder XRD spectra for Beta supports without dispersed Ni
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Figure S2.14. Powder XRD spectra for Beta catalysts with dispersed Ni
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Figure S2.15. FTIR spectra of the OH region of catalysts after CoHs adsorption (CH region
shown in Figure 1. Spectra show a decrease in the isolated silanol band (3741 cm™) as well

as acidic silanol bands (3605, 3618, and 3636 cm™! respectively) for Ni-[Al]-,-[Ga]-, and -

[Fe]-Beta catalysts
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Figure S2.16. FTIR spectra of CO adsorption of catalysts after oxidative treatment to
remove Ni(acac): ligands. Spectra show Ni** (2197, 2209, 2212, and 2206 cm™) in all
catalysts as well as Fe?* (2183 cm!) in the Ni-[Fe]-Beta catalyst (band assignments seen in

Table 2).
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3.1 Abstract

The reducibility and C,Hs dimerization activity of zeolite Beta supported Ni cations was examined using
Ni-[Al]-Beta and Ni-[Fe]-Beta, where Al or Fe are heteroatoms present in the zeolite framework. The Ni
cations present in Ni-[Al]-Beta were more reducible by CO, as indicated by the appearance of Ni" carbonyl
bands at lower (ca. 80°C) temperature than Ni-[Fe]-Beta (ca. 220°C). Co-feeding H» at 16 kPa increased
the dimerization activity by 1.4-fold, while butene selectivity decreased to 0.91. When the partial pressure
of H, increased to 32 kPa the butene selectivity continuously decreased from 0.75 to 0.59. The activation
energy for Ni-[Al]-Beta and Ni-[Fe]-Beta was determined to be 48.8 and 32.4 kJ/mol respectively, showing
that Ni-[Fe]-Beta is more effectively stabilizing the TOF determining transition state. The Ni sites of ion
exchanged [Fe]-Beta are more uniform, as indicated by smaller full width half max (FWHM) of the Ni**
monocarbonyl band compared to the anhydrously prepared sample. Dispersing Ni by ion exchange instead
of anhydrous deposition onto Ni-[Fe]-Beta results in 1.4-fold higher dimerization activity per Ni atom but

no change in activation energy.

3.2 Introduction

Supported metal catalysts are used in a variety of industries including chemical synthesis, environmental
chemistry, and pharmaceuticals."? One of the most consequential but difficult to study aspects of supported
metal catalysts is determining how the support-metal interactions affect the properties of a supported metal
catalysts.>* Particle size can be difficult to control between supports, and larger particles are influenced less
by the support interactions. Atomically dispersed metals present, therefore, an opportunity to
systematically study how the support functions as ligands bonded to a metal center.>”’ Crystalline supports
such as zeolites can be used as a uniform support upon which metals can be dispersed.® These metals occupy
extraframework cation sites that can be repeatably synthesized. The use of zeolite heteroatom composition
can enable chemical changes in the support while keeping crystallographic structure of the zeolite the
isomorphically identical.® The extraframework cation sites are the same within a zeolite framework,’ which

enables the comparison of how elemental composition of the support (i.e. as ligands) affects supported-
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metal properties such as electron density and reactivity. Zeolite Beta (BEA framework) is unique because
it can be synthesized with a variety of framework elemental compositions.®!° Cationic Ni supported on a
solid material is of interest for C;Hs dimerization as it has the potential to replace organometallic catalysts.'!
In this study support-metal interactions are studied using Ni dispersed onto Al and Fe containing Beta
zeolites. The differences between reducibility of Ni cations as well as C,Hs dimerization activation energy

are characterized through catalysis and temperature programmed reduction.

3.3 Experimental Methods

Catalyst Synthesis. [Fe]-Beta was synthesized using a procedure from Raj et al.'>!* Typically 0.0775g of
NaOH and 0.0575g of KOH were added to 10.6g of 35% TEAOH. 3.00g of fumed SiO, was added to the
solution and stirred for 4 h. A solution of 0.306g ferric sulfate (ACROS Organics) dissolved in 3.68g of
H>O was slowly added to the previous solution over 30 minutes. The solution (10SiO,: 5.0TEAOH:
0.25Fe,0s: 0.39NaOH: 0.21KOH: 117H,0) was then transferred to a 23mL Teflon liner in a Parr autoclave
vessel, hydrothermal synthesis took place statically at 140°C for 15 days. The resulting white zeolite was
washed with H>O then calcined in 10% O, with a ramp of 2°C/min with a 1 h hold at 120°C and 330°C,
then ramped at 1°C/min until 500°C and held for 6 h. Zeolites were converted to NH4-[X]-Beta via ion
exchange by two consecutive exchanges mixing the zeolite with 1M NH4NOs3 for 24 h at room temperature.
NH4-[Al]-Beta zeolite with Si/Al=19 (NHs-[Al]-Beta) was purchased from Zeolyst (CP814C). Ni was
dispersed onto H-[Fe]-Beta and H-[Al]-Beta via anhydrous deposition with Ni(acac), (acac =
acetylacetonate) mixed with the specific zeolite in n-pentane. All work was done in a glovebox or Schlenk
line to exclude moisture and O,. Ni was also dispersed via Ni ion exchange by stirring Na-[Fe]-Beta in 20
mM Ni(NO3), at 75°C for 24 h. The solution was then cooled, rinsed with DI water, and dried before
calcination by using the previously described procedure for Na-[Fe]-Beta. Ni and Al or Fe content of
samples, ratios reported in Table 3.1, were determined via ICP MS at UC Davis Interdisciplinary Center

for Inductively-Coupled Mass Spectrometry (ICP-MS).
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Fourier Transform Infrared Spectroscopy. Powdered samples, stored in a glovebox, were loaded into a
Pike diffuse reflectance cell. Fourier Transform Infrared Spectrometry (FTIR) data were taken by a Bruker
Tensor II with 2 cm™ resolution and 128 scans collected per spectrum. For CO temperature programmed
reduction, samples were heated in 10% CO from room temperature to 300°C at a rate of 5°C/min with
spectra collected every 20°C.

Catalysis. Catalysts were loaded in a glovebox into a 6.35 mm OD quartz tube, diluted with ca. 100 mg a-
Al>O3, and held in place with quartz wool. The tube was transferred without exposure to air into a 3-zone
heated furnace. Before catalysis samples were heated at 1°C/min to 500°C in 10% O, (zero air, Praxair)
and held for 4 h, then cooled to the reaction temperature. The reaction products were measured with gas
chromatography (GC) using a flame ionization detector (FID). Conversion was calculated by using a carbon
balance on all the products and reactants. All catalysts were operating at C;Hs conversions of less than 10%.
Turnover frequency (TOF) was determined by normalizing the reaction rate to the amount of Ni dispersed
as determined by ICP-MS. Catalysts were regenerated between runs by the same procedure of heating
1°C/min to 500°C in 10% O; for 4 h. After regeneration, the reactor was purged with N3 (99.999%, Praxair)
for 30 min before starting reactant flow at the desired temperature.

Thermogravimetric Analysis. Thermogravimetric analysis experiments (TGA), with an online mass
spectrometer (MS), were performed with Netsch Jupiter F209. Samples were loaded into an alumina
crucible and weighed by the TGA. The SDA removal via calcinated was done by heating Na-[Fe]-Beta,
washed zeolite from the initial hydrothermal synthesis, in 10% O, at a ramp rate of 5°C/min to 500°C for
6 h. The experiment files were corrected by running the temperature program with an empty crucible. The

m/z monitored by MS were 18, 32, and 44 for H,O, O, and CO; respectively.

3.4 Results and Discussion

C;H4 Dimerization Catalysis
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The activation energy for Ni-[Al]-Beta and Ni-[Fe]-Beta were determine between 160 — 200°C, Figure 3.
1, to be 48.8, 32.4, and 32.3 kJ/mol for Ni-[Al]-Beta, Ni-[Fe]-Beta (anhydrous), and Ni-[Fe]-Beta (ion
exchanged) respectively. Activation energies reported here and for other Ni based heterogenous catalysts
are summarized in Table S3.2. Both Ni-[Al]-Beta and Ni-[Fe]-Beta have been shown to catalyze C,H4
dimerization by the Cossee-Arlman mechanism.!*!*> The activation energies determined show that Ni-[Fe]-
Beta is significantly more effective at stabilizing the TOF-determining transition state involved in the
formation of [Ni-butene-H]".!® The activation energy of 48.8 kJ/mol, Figure 3.1 and Table S3.2, determined
using Ni-[Al]-Beta is consistent with other measurements.!”!® The activation energy of Ni-[Fe]-Beta
prepared via ion exchange and anhydrous deposition are the same (32.3 and 32.4 kJ/mol respectively),
showing that there is no difference between the active Ni sites stabilizing the TOF determining transition
state between the two preparation methods.

Table 3.1. Elemental ratios determined by ICP-MS, X = Al or Fe for Ni-[Al]-Beta and Ni-[Fe]-Beta

respectively. TOF [units: mol C4Hg (mol Ni s)'] taken from catalyst at 3 h on stream at 160°C, 8.7 kPa
C,H4. Activation energies determined between 160 — 200°C.

Catalyst Si/X Ni/X TOF x107? Ea [k]/mol]
Ni-[Al]-Beta 19 0.42 2.32 48.8
Ni-[Fe]-Beta

Anhydrous 11 0.26 4.17 324
Ni-[Fe]-Beta lon
Exchange 8 0.12 5.77 323
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Figure 3.1. Arrhenius plot of Ni-[Fe]-Beta anhydrous, (red), Ni-[Fe]-Beta ion exchanged (black) and
Ni-[Al]-Beta (green). Dimerization was carried out at 8.7 kPa C,Hs, balance N,. Activation energies
were measured to be 32.4 and 48.8 kJ/mol for Ni-[Fe]-Beta and Ni-[Al]-Beta respectively.

However, the TOF between the different preparation methods was different at 4.17x107 and 5.77x107 [mol
C4Hjg (mol Ni s)!], Table 3.1, for the anhydrous and ion exchanged sample respectively. The 1.4-fold higher
activity (Figure 3.2, and Figure S3.1) per mol of dispersed Ni shows that the Ni is being more effectively
utilized for dimerization by dispersing using ion exchange compared to the anhydrous deposition. Because
the active sites appear to be equivalent, based on activation energy measurements, in catalyzing C,Hy4
dimerization based on measuring the same activation energy, the ion exchange dispersion method appears
to be more effective at dispersing active Ni sites. Divalent cations dispersed via ion exchanges will
preferentially site at extraframework sites with two proximal framework heteroatoms, which is the proposed
active Ni site.”!%1%20 Because the ion exchange is more effective at dispersing active Ni site, the active Ni
sites are likely extraframework Ni cations that are associated with paired framework Fe sites. The
anhydrous deposition is less specific in how the Ni is deposited, which may result in Ni dispersed in other

locations that are not active for dimerization.
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Figure 3.2. The effect of preparation method on activity of Ni-[Fe]-Beta catalysts. The TOF of the

catalyst prepared via ion exchange, with Ni(NO3),, is approximately 1.3—1.4 more active than the

catalyst prepared via anhydrous deposition of Ni(acac)..
The effect of H» partial pressure, shown in Figure 3.3, was looked at by varying H» partial pressure during
C,Hs dimerization at 180°C with Ni-[Fe]-Beta. The ratio of C,Hs:H, was varied from 1:2 to 1:4
corresponding to H, partial pressure of 16 kPa and 32 kPa respectively. At 16 kPa and 32 kPa H, the butene
selectivity decreased to 0.90 and 0.75 respectively. During catalysis at 32 kPa H, the selectivity
continuously decreased from 0.75 to 0.59. After catalysis at 32 kPa H», H, was removed, and the selectivity
increased back to 0.96. The ethane formation rate, Figure 3.3B, increased from 2.19x10* to 3.71x10 [C2Hs
(mol Ni s)!] corresponding to a 17-fold increase in C;Hg TOF after increasing the partial pressure of H» to
32 kPa. The increase in ethane TOF suggests that when the partial pressure of H; is sufficiently high some
Ni sites are being activated for C.Hs hydrogenation.
The TOF for butene formation increases with each additional increase in H partial pressure and then returns
to a lower TOF after the removal of H, from the feed. The results show that H; actively increase the activity

of the Ni-[Fe]-Beta catalyst and that benefit disappears when H: is not co-fed. This behavior is consistent
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with co-fed H, activating certain Ni sites that otherwise are not active without H,. These sites need H;
present to be activated as evidenced by when H, is removed from the feed the activity decreases
immediately. If H, was only needed to activate the site once, then it would be expected for the activity to
remain higher after H, is removed from the feed. Since the rate of deactivation with respect to butene
formation does not appear to significantly increase with the addition of Ho, it is likely that the Ni sites
performing hydrogenation are different than the ones active for dimerization but require a sufficient partial

pressure of H» to be active.
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Figure 3.3. A) The influence of H; partial pressure on C,H4 dimerization with Ni-[Fe]-Beta (anhydrous).
Dimerization rate increases with increasing partial pressure of H>. When increasing to 32 kPa butene
selectivity decreases at an increasing rate. B) The influence of H, partial pressure on CoHg formation
rate with Ni-[Fe]-Beta (anhydrous). When H; partial pressure is increased to 32 kPa the TOF for C,;Hs
TOF to more rapidly increase.

CO Temperature Programmed Reduction

Temperature programmed reduction (TPR) was performed with Ni-[ Al]-Beta and Ni-[Fe]-Beta by heating
each catalyst in 10% CO at a ramp rate of 5°C/min. The reduction in the presence of CO was monitored
in-situ with FTIR by tracking the Ni carbonyl bands (previously determined band assignments reported in
Table S3.1). Figures 3.4A-C show spectra under CO flow between 40 — 120°C, 140 — 220°C, and 240 —
300°C respectively. While heating from 40 — 120°C, the Ni**-CO (2212, 2207 cm™ for Ni-[Al]-Beta and

Ni-[Fe]-Beta respectively) '>2! band decreases for both samples. The Ni*-(CO), (2138 and 2095 cm™!) bands
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are not present initially but begin to appear when Ni-[ Al]-Beta has been heated to 80°C. This indicates that
the reduction of N** to Ni" is occurring because the Ni** sites need to be reduced for N*-(CO), bands to
appear. The Ni*-CO (2112 cm™!) band appears at 180°C and relatively quickly increases in intensity until
300°C. The increase in intensity of the Ni*-CO band instead of both Ni*-(CO), bands indicates that at
elevated temperature the Ni* monocarbonyl is more stable than dicarbonyls on some Ni sites. In contrast to
Ni-[Al]-Beta, the Ni*-CO (2103 cm™') band on Ni-[Fe]-Beta does not appear until 220°C and grows in
intensity as the sample is heated to 300°C. The significantly higher onset temperature of when Ni* carbonyl
bands appear on Ni-[Fe]-Beta compared to Ni-[Al]-Beta, 220°C compared to 80°C, suggests that the Ni
sites on Ni-[Fe]-Beta are more resistant to reduction. Figure S3.2 shows how the relative peak heigh of the
Ni+ monocarbonyl increases for both Ni-[Al]-Beta and Ni-[Fe]-Beta. The peak height of the monocarbonyl
on Ni-[Al]-Beta is at 53 % of the 300°C peak height at 220°C compared to 10 % for Ni-[Fe]-Beta. This
shows that the Ni sites are more easily reduced by CO on Ni-[Al]-Beta compared to Ni-[Fe]-Beta. Ni*

dicarbonyls do not appear during the reduction of Ni-[Fe]-Beta, suggesting the Ni* dicarbonyls are less

thermally stable on Ni-[Fe]-Beta compared to Ni-[Al]-Beta.
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Figure 3.4. A-C: Temperature programmed reduction between 40 — 300°C of Ni-[Al]-Beta and Ni-[Fe]-
Beta in 10% H, ramping at 10°C/min. A) Ni-[Fe]-Beta Ni**-CO bands decrease but see no start to the
formation of Ni*-CO. Ni-[Al]-Beta Ni**-CO band decreases while the Ni*-CO band start to increase
around 100°C. B) Ni"(CO) bands on Ni-[Al]-Beta increase with increasing temperature. Ni carbonyl
bands on Ni-[Fe]-Beta do not change significantly between 140 — 220°C. C) Ni*-(CO)x bands increase
with increasing temperature for Ni-[Fe]-Beta. The Ni*-(CO)x bands continue to increase with Ni-[Al]-
Beta. D) CO adsorption at room temperature, after reduction at 300°C in 10% CO for 15 min, onto Ni-
[Fe]-Beta prepared via ion exchange and anhydrous deposition with Ni(acac),. The shoulder present in
the Ni*?*-CO band in the anhydrous sample is not present when prepared with ion exchange.

CO adsorption was also performed with Ni-[Fe]-Beta prepared via anhydrous deposition of Ni(acac), as
well as an ion exchanged sample using Ni(NO3),. Figure 3.4D shows the CO adsorption/desorption onto
both samples at room temperature. The Ni2*-CO band on the sample prepared with Ni(acac), has a shoulder

at approximately 2216 cm™', while the ion exchanged sample does not show this band. The uniformity of
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the Ni sites can be compared between the samples by observing the Ni>*-CO band.?? The full-width half
max (FWHM) is 9.1 and 12 for the ion-exchanged and anhydrous sample respectively. This band has a
shoulder at approximately 2216 cm™ on the sample prepared with Ni(acac), suggests there are two distinct
Ni sites. The difference in site distribution can be rationalized by considering the differences in Ni
deposition method. The anhydrous deposition of Ni(acac), forces approximately 1 wt% Ni (Ni/Fe = 0.26,
Table 3.1) to be dispersed onto the [Fe]-Beta zeolite by evacuating the n-pentane solvent. In contrast the Ni
dispersed by an ion exchange needs to be stabilized by two framework Fe sites. The solution is then washed
before calcination that leads to the removal of excess Ni, which likely leads to more uniform Ni sites and

less Ni (Ni/Fe = 0.12, Table 3.1) dispersed onto the zeolite.

3.5 Conclusions

The effect that zeolite Beta support composition has on the properties of a supported Ni cation were studied
by TPR and C,H4 dimerization catalysis. The reducibility of the Ni cations was shown to be influenced by
the elemental composition of the zeolite Beta support. This was shown through CO TPR, which indicates
that the Ni cations in Ni-[Fe]-Beta were more resistant to reduction. The effect of H» partial pressure was
studied with Ni-[Fe]-Beta between 8.7 — 32 kPa. It was found that butene formation increased with
increasing partial pressure with minor decrease in butene selectivity until 32 kPa H». At the 32 kPa H», the
selectivity towards ethane increased continuously over 1 h, likely due to some Ni sites becoming active for
hydrogenation at the higher H» partial pressure. The activation energy measured with Ni-[Al]-Beta and Ni-
[Fe]-Beta were 48.8 and 32.4 kJ/mol respectively, indicating that Ni-[Fe]-Beta was more effective at
stabilizing the TOF determining transition state. Dispersal of active Ni sites was shown to be more effective
by ion-exchange than anhydrous deposition. The activity per amount of dispersed Ni on Ni-[Fe]-Beta
prepared via ion-exchange was 1.4-fold higher than Ni-[Fe]-Beta prepared by anhydrous deposition, while

the activation energy was the same between the two catalysts.
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Table S3.1. Ni carbonyl bands observed on Ni-[Al]-Beta and Ni-[Fe]-Beta.

Catalyst Ni**-CO  Ni'«(CO)xss Ni*-(CO)2s  Ni'-CO  Reference
Ni-[Al]-Beta 2212 2138 2096 2112 3
Ni-[Fe]-Beta 2206 2133 2089 2103 4

Table S3.2. Activation energies of C2H4 dimerization of Ni based supported catalysts.

Catalyst Ea [kJ/mol] Reference
Ni-[Al]-Beta 48.8 This Work
Ni-[Al]-Beta 44 5

Ni-[Fe]-Beta Anhydrous 324 This Work
Ni-NU-1000 36 6
77
Ni-[Al]-AFI (Theory) 7
Ni-[Al]-SSZ-24 37 8
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Figure S3.1. The effect of preparation method on activity of Ni-[Fe]-Beta catalysts. The TOF of the
catalyst prepared via ion exchange, with Ni(NOs),, is approximately 1.3-1.4 more active than the
catalyst prepared via anhydrous deposition of Ni(acac)..
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Figure S3.3. Removal of structure directing agent from Na-[Fe]-Beta by calcination in 10% O with
ramp rate of 5°C/min. The mass loss and corresponding increase in CO, shows a sharp combustion
event starting around 330°C and another broader feature starting around 400°C.
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Figure S3.4. The influence of H; partial pressure on CoH4 dimerization with Ni-[Fe]-Beta prepared via
ion exchange, at 180°C and 2.16 kPa C,;H4. Selectivity is shown for catalyst when H; is co-fed at 1 h
time on stream. The butene formation rate increase with the addition of co-fed Hs.
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Figure S3.5. The influence of H» partial pressure on C,H4 hydrogenation with Ni-[Fe]-Beta prepared
via ion exchange. The C,H4 hydrogenation rate increases by 4.9-fold when H; is co-fed.
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Figure S3.6. N, adsorption isotherms for catalysts and supports. Surface areas indicate no significant
change in zeolite framework due to Ni deposition. BET surface areas [m*/g]: H-[Al]-Beta: 690 Ni-
[Al]-Beta: 690 H-[Fe]-Beta: 700 Ni-[Fe]-Beta: 690
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4.1 Abstract

Supported Ni catalysts were synthesized using the Beta zeolite framework, with and without framework
Al, as a platform for dispersing Ni. The silanol nest sites of dealuminated zeolite Beta provide isolated
cationic Ni sites that can be reduced under relatively mild conditions to create highly dispersed metal
clusters. Compared to the Ni sites present in Ni-[Al]-Beta-19, Ni-[DeAl]-Beta exhibit a 20-fold increase in
apparent reaction rate for C;Hs hydrogenation and is stable with little deactivation over 16 h of catalysis.
Ni K-edge X-ray absorption spectroscopy (XAS), as well as CO adsorption monitored with Fourier
transform infrared spectroscopy (FTIR), show that in the oxidized Ni-[DeAl]-Beta catalyst Ni is re-
occupying vacant silanol nests produced from dealumination. After reductive treatment, XAS shows that
approximately 50% of Ni is reduced to metallic Ni, forming clusters approximately 1 nm in size. STEM
images show an absence of large (>1 nm) metallic Ni clusters. These results indicate that [DeAl]-Beta can
be used to synthesize isolated cationic Ni sites, as well as stabilize highly dispersed metal clusters that can

be used as a highly active and stable C;H4 hydrogenation catalyst.
4.2 Introduction

Ni catalysts supported on solid materials are widely used for a variety of different reactions such as alkene
oligomerization, hydrogenation, carbonylation, and steam reforming.!* As a hydrogenation catalyst, Ni is
attractive because it is less expensive than platinum group elements, and can effectively catalyze
hydrogenation of a variety of reactants such as alkenes, carbon dioxide, benzene, and fatty acids, among
others.>>® In some instances, the same Ni catalyst is able to catalyze multiple reaction classes, such as the
hydrogenation and oligomerization of alkenes. For example, cationic Ni supported on either
aluminosilicates or metal organic frameworks (MOFs) is active for CoH4 oligomerization, but only cationic
Ni on MOFs has been shown to be significantly active for C;Hs hydrogenation as well.”!! Because both
initially prepared forms of Ni are cationic, Ni** , the differences in support identity are what enable Ni to
catalyze both reactions when supported on the MOF. Determining the support effect on the reactivity and

stability of a supported metal is important in order to deepen our understanding of how to effectively design
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active sites.'>!> In particular, a greater understanding of how certain supports, such as zeolites, can stabilize
and confine small metallic clusters is needed. Metal clusters are widely used in catalysis applications such
as hydrogenation, biomass conversion, and H, production.!*'® Controlling the size of clusters, especially
under reducing conditions, can increase the effective utilization of the metal as well as increase activity.!”~
19 Methods for controlling particle size include confining a metal or protecting the metal site with various
ligands.?*22 Zeolites can be used as a support to confine metallic clusters because of their micropore
systems and higher surface area. Zeolite extraframework cation exchange sites are created by the charge
imbalance of AI** in the framework. Metals are typically dispersed after zeolite synthesis but inclusion of
the desired metal during synthesis can also result in entrapped metal clusters.” In addition, the framework
T*" atom can be removed, leaving a silanol nest in its place, which is composed of four terminal silanol
groups.?* These silanol nests can be re-occupied, at least partially, by transition metal cations such as Cr,
Co, and Ni to produce isolated metal sites, which are constrained within the zeolite framework.>%" It is
anticipated that constraining the supported-metal within these sites will result in a modified activity as well
as improved stability.

In this work, we examine how the location of Ni is altered by placement within silanol nests in Beta zeolites
(framework code BEA) that are created by the removal of framework Al and how this siting affects the
electron density, reducibility, catalytic activity, and stability of Ni cations. The two significant placement
sites are: (a) Ni in cation extraframework exchange positions, present in Beta zeolites with framework Al,
[Al]-Beta, and (b) Ni reoccupying silanol nests which is observed in Beta zeolites that have had framework
Al removed, [DeAl]-Beta. It is observed that Ni in extraframework cation exchange positions of [Al]-Beta
is not significantly active for C;Hs hydrogenation. In contrast, Ni dispersed onto [DeAl]-Beta exhibits high
activity and stability for C;H4 hydrogenation. It is hypothesized that dispersed Ni in vacant silanol nest sites
created by dealumination can be more readily reduced to small metallic clusters that are highly active and

stable for C;H4 hydrogenation.
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4.3 Experimental Section

Catalyst Synthesis. Beta zeolite samples are named as follows: M-[X]-Beta-#, where M is the
extraframework cation, X is the framework T site heteroatom, and # is the Si/Al ratio. Aluminum Beta
zeolite with Si/Al=19 (NH4-[Al]-Beta-19) and Si/Al=150 (H-[Al]-Beta-150) were purchased from Zeolyst
(CP814C and CP811C-300 respectively). Dealuminated Beta ([DeAl]-Beta) was synthesized by heating
NH4-[Al]-Beta-19 to 80°C in 13M nitric acid for 16 h. Afterwards the zeolite was washed and calcined at
600°C in 10% O, for 6 h with ramp rate 2°C/min and a 1 h hold at 120°C before metal deposition. Zeolites
purchased from Zeolyst were calcined using the same procedure before metal deposition and stored in
glovebox. Calcined Beta zeolites were mixed with Ni(acac), (acac= acetylacetonate; STREM chemical min
95%) and n-pentane in a Schlenk flask such that the Ni loading was 1wt% (£0.02%, exact Ni loading was
calculated for each sample). The solution was stirred for 24 h and then the solvent was evacuated for 24 h.
All work was done in a glovebox or with a Schlenk line to exclude moisture and oxygen. The Ni loaded
zeolite was then calcined in 10% O» at 600°C for 6 h, ramp rate of 2°C/min with a 1 h hold at 120°C, and
then stored in an argon glovebox. The same procedure was used to disperse Ni on amorphous SiO,
(dehydroxylated at 500°C in air) using Ni(acac), (referred to as NiO-SiO; anhydrous). NiO-SiO, was also
prepared using wetness impregnation with Ni(NOs); as the Ni source, with the same calcination procedure
used after impregnation (referred to as NiO-SiO; aqueous). N, adsorption isotherms, Figure S4.1 and Table
S4.1, of Ni-Beta catalysts before and after Ni deposition indicate the BET surface area and micropore

volume did not change as a result of Ni deposition.

FTIR. Samples stored in a glovebox were pressed into ca. 13 mm self-supporting wafers, with
approximately 20 mg of sample, then loaded into a Harrick high temperature transmission cell or the
powdered sample was directly loaded into a Pike (Madison, WI) diffuse reflectance cell. Fourier Transform
Infrared Spectrometry (FTIR) data were taken by a Bruker Tensor I with 2 cm™! resolution and 128 scans

collected per spectrum. Subtraction spectra were obtained by subtracting a spectrum recorded before (under
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Nz flow, 99.9999% Airgas) the sample was exposed to the respective reactive gas (CO, NO, or C;H,) from
the spectra taken after the sample was exposed to the adsorbate. He (99.999%, Airgas) and C,H4 (99.998%,
Matheson) were passed through traps containing reduced Cu and molecular sieve to remove oxygen and
moisture, respectively. Prior to room temperature CO adsorption the catalyst was reduction with 10% CO
(99.999%, Matheson), 90% N at 300°C for 30 min. CO adsorption was also performed after reductions in
H> (99.999%, Praxair) at various temperatures by reducing in 10% H» for 30 min then cooling to room
temperature in N> before dosing CO. NO (1% NO, 99% N», Airgas) adsorption was performed by first

drying the catalyst at 300°C in N, for 30 min, then cooling to room temperature and dosing NO.

HAADF-STEM. Aberration corrected High Angle Annular Dark Field Scanning Transmission Electron
Microscopy (HAADF-STEM) was performed with a JOEL JEM-2100F-AC TEM with 200 kV accelerating
voltage; bright and dark field images were collected simultaneously. For zeolite samples, the beam was
focused in one area then quickly moved to another to capture the image to minimize any beam damage to
the sample. Samples were either dispersed via sonication in methanol then dropped onto a lacey carbon grid

(Lacey Carbon 300 mesh, Ted Pella) or the grid was pressed into the desired powder in a glovebox.

Catalysis. Samples were stored and loaded into a 6.35 mm OD quartz tube in an argon filled glovebox
(MBraun), then transferred without exposure to air to a three-zone heated furnace. Each sample was diluted
with ca. 100mg of a-Al>O; and was held in place with glass wool. Samples were activated in the reactor by
heating in 10% H; (99.999%, Praxair), 90% N> (99.999%, Praxair) at 3°C/min to 300°C and held for 2 h.
They were then cooled under 10% H, to the reaction temperature of 100°C. C;H4 conversion was calculated
via carbon balance, with Gas Chromatography (GC) with a calibration previously done using a known gas
standard (custom gas mixture from Matheson) analyzed via Flame Ionization Detector. Control
experiments, which resulted in no C,H4 conversion, were performed with all supports and a-Al,O3; with no

metal loading.
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XAS. X-ray absorption spectroscopy (XAS) measurements at the Ni K-edge (8333 eV) were performed at
beamline 9-3 of the Stanford Synchrotron Radiation Lightsource (SSRL) at the SLAC National Laboratory.
Beamline 9-3 is a 16-pole, 2-tesla wiggler beamline with a vertically collimating mirror for harmonic
rejection and a cylindrically bent mirror for focusing. Incident photon energy was selected by the liquid-
nitrogen cooled, double-crystal Si(220) monochromator with a crystal orientation of phi = 0°. Inside an
argon glove box, approximately 40 mg of the Ni-[DeAl]-Beta was loaded into a 3-mm diameter Kapton
tube flow-through reactor.?® The loaded sample made a 10-mm bed and was placed in between two quartz
wool plugs. The reactor was mounted on the sample stage at a 45° angle relative to the X-ray beam. Spectra
were collected in fluorescence detection mode using a passivated implanted planar silicon (PIPS) detector
orthogonal (90°) to the beam path with a Soller slit. The beam size of 1 mm [v] by 3 mm [h] was used. N»-
filled ion chambers were used to measure the incident X-ray intensity, as well as the Ni reference foil which
was scanned simultaneously with the sample for energy calibration. At each steady state, four EXAFS scans
were collected for signal averaging. Gas flow rates were controlled using mass flow controllers (Brooks)
and temperature was controlled with a Eurotherm PID controller. To monitor the gas flows, a mass[]
spectrometer (Hiden QGA) was used throughout the experiment.

For the Ni nanoparticle (NP) spectrum, 1wt% Ni nanoparticles supported on SiO, (diameter ranging from
5-6 nm) were synthesized (see SI for more info). Using the same setup as described above, the NiNP was
reduced in-situ and the spectra were collected in fluorescence mode using PIPS detector. The XAS spectrum
of NiO was recorded from a 7-mm diameter pellet, prepared by diluting NiO in cellulose at 1:15 ratio. The
spectra were collected in transmission mode using N»-filled ion chambers.

The XAS data were processed using Athena software, and the EXAFS analysis was performed using
Artemis software.?’ For EXAFS modeling, the scattering paths were simulated using FEFF6 provided by
Artemis software. The model structures used to generate the scattering paths were the DFT-optimized Ni
in silanol nest site (see SI for more detail) and the bulk fcc Ni crystal structure obtained from Inorganic

Crystal Structure Database (ICSD 64989). Details of the EXAFS modeling are in the SI.
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4.4 Results

Catalysis: C;H4 Hydrogenation. C,H4 hydrogenation was performed, after reduction at 300°C for 2 h in
10% H», with all synthesized materials to probe differences in catalytic activity. Materials were tested
within a similar range of inverse weight space velocity (W/F 0.14-0.18 [mol Ni (mol C,H4)'s]) at 100°C
and partial pressures Py, = 20 kPa, Pc_y, = 10 kPa for at least 16 h time-on-stream (TOS). All samples
(Figure 4.1) exhibit higher initial conversion (TOS < 2 h) that approaches a steady state after a few hours.
Table 4.1 compares catalyst performance at 5 h TOS. The conversion of C;Hs by Ni supported on each of
the three Beta zeolites resulted in C;H4 conversion in the order: Ni-[DeAl]-Beta > Ni-[ Al]-Beta-150 >> Ni-
[Al]-Beta-19, with the Ni-[DeAl]-Beta sample operating at 16-fold higher conversion than that of the Ni-
[Al]-Beta-19 sample while operating at a 19% lower inverse space velocity; these differences result in a
20-fold higher apparent reaction rate. Apparent reaction rate is used because most catalysts are not operating
at differential conversion and therefore may have mass transport limitations. The catalyst with the lowest
deactivation is Ni-[DeAl]-Beta with a ratio of apparent reaction rate at 17 h to initial time on stream of 0.97,
while Ni-[Al]-Beta-19 had the lowest ratio of 0.34. C,Hs selectivity, reported in Table 4.1, was high with

all catalysts tested and varied between 0.99 — 1.0 at 5 h TOS.
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Figure 4.1. C;H, hydrogenation at 100°C and inverse space velocity, W/F, [mol Ni (mol C,H4)"' s] for
catalysts: Ni-[DeAl]-Beta = 0.14, NiO-SiO; anhydrous = 0.16, NiO-SiO; aqueous = 0.17, Ni-[Al]-Beta-150
=0.17, Ni-[Al]-Beta-19 = 0.18, with partial pressures: P = 20 kPa, Pcons = 10 kPa. Samples were reduced
at 300°C with 10% Ho> for 2 h, inverse space velocity variations are due to differences in catalyst mass in
reactor.

Table 4.1. Summary of C;H4 hydrogenation catalysis. Conversion, apparent reaction rate, and selectivity
taken from 5 h on stream. Deactivation is summarized by the ratio of the apparent reaction rate at 17 h on
steam to the initial reaction rate (Rxn Rate;7/Rxn Rate;).

Apparent Reaction
W/F [mol Ni C,H,4 Rate [mol C;Hs  Rxn Rate;7/Rxn
Catalyst (mol CoHs)'s] Conversion (mol Ni)' s7] Rate; C>Hp Selectivity

Ni-[Al]-Beta-19 0.18 0.057 0.30 0.34 0.99

Ni-[Al]-Beta-150 0.17 0.84 5.1 0.95 0.99

Ni-[DeAl]-Beta 0.15 0.92 6.1 0.97 1.0
NiO-SiO; —

Aqueous 0.17 0.36 2.1 0.66 1.0
NiO-SiO; —

Anhydrous 0.16 0.60 3.8 0.93 1.0
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Ni dispersed by two methods onto amorphous SiO; are included for additional comparison: an anhydrous
method, which uses a Ni(acac), precursor, and a sample prepared using wet impregnation with Ni(NOs), as
the Ni source. The sample prepared anhydrously resulted in a 1.7-fold higher conversion than sample
prepared via an aqueous method, while operating at a slightly lower inverse space velocity (0.16 [mol Ni
(mol C,Hs)!' s] compared to 0.17 [mol Ni (mol C>Ha) ! s]). However, Ni-[DeAl]-Beta exhibited 1.6-fold
higher apparent reaction rate than NiO-SiO, anhydrous and 2.9-fold higher activity than NiO-SiO; aqueous.
Comparison of initial reaction rates was not possible due to the high initial activity of many of the materials
with conversion well above 0.2, which could result in concentration gradients and products formed from

reaction adsorbing onto active sites on the catalyst surface.
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Figure 4.2. C;H, hydrogenation of Ni-[DeAl]-Beta activated at 200°C (square), 250°C (circle), and 300°C
(triangle) for 2 h in 10% H,. All experiments run at the same inverse space velocity, W/F. The activity
after reduction at 250°C is 93% of the activity after reduction at 300°C.
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C,H4 hydrogenation as a function of reduction temperature for Ni-[DeAl]-Beta is shown in Figure 4.2. The
sample was reduced in 10% H; for 2 h at 200°C, 250°C, and 300°C and subsequently tested for C;H4
hydrogenation activity at 100°C. The sample showed no activity after reduction at 200°C but similar activity
was observed at the 250°C and 300°C reduction temperatures with conversion of 0.73 and 0.79,
respectively, at the same inverse space velocity. Ni-[ Al]-Beta-150, shown in Figure S4.2, operates at CoHs4
conversions of 0.026, 0.52, 0.84, and 0.88 after reduction at 200°C, 250°C, 300°C, and 400°C, respectively.
Ni-[Al]-Beta-19, shown in Figure S4.3, exhibits measurable catalysis after activation at 300°C and 400°C.
Both reduction temperatures exhibit relatively high loss of initial activity after 5 h on stream of 63% and

62% for 300°C and 400°C activation, respectively.
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Figure 4.3. CO adsorption onto the Ni-Beta catalysts after reduction in 10% CO at 300°C. Spectra show
that Ni-[Al]-Beta-19 and Ni-[DeAl]-Beta contain cationic Ni in extraframework exchange positions and
silanol nests respectively (band assignments in Table S2). The two Ni-[Al]-Beta-150 spectra (shortly after

76



CO exposure and after desorption) show that there is a mixture of Ni is extraframework exchange positions
as well as Ni in silanol nests.

CO Adsorption with FTIR. CO adsorption, monitored with FTIR, was used to characterize differences in
Ni sites on the various Beta zeolites. Each material was characterized by CO adsorption at room
temperature, after reduction with 10% CO at 300°C for 30 min, with spectra taken while purging CO from
the IR cell. Reduction in H, was also followed by CO adsorption at room temperature was also performed
with the most active catalyst, Ni-[DeAl]-Beta, between 185-400°C. Figure 4.3 shows FTIR spectra
following CO adsorption onto Ni-[Al]-Beta-19, Ni-[Al]-Beta-150, and Ni-[DeAl]-Beta. The band
assignments for CO adsorption are shown in Table S4.2. The carbonyl bands for Ni-[Al]-Beta-19 (2212,
2139, 2095, and 2122 cm™) and Ni-[DeAl]-Beta (2197, 2137, 2122, 2090, and 2076 cm') are consistent
with Ni as a cation at extraframework exchange sites and reoccupying silanol nests, respectively.?®*° CO
adsorption onto Ni-[Al]-Beta-19 and Ni-[DeAl]-Beta has been previously reported.>® CO adsorption with
Ni-[Al]-Beta-150, with desorption spectra shown in Figure S4.4, sample indicates that there is a mixture of
Ni carbonyl bands that have been previously observed with Ni-[Al]-Beta and Ni-[DeAl]-Beta. Upon initial
exposure to CO, bands are seen at 2201, 2138, and 2095 cm™! corresponding to Ni**-CO, Ni*-(CO), and
Ni*-(CO),, respectively. The Ni**-CO band corresponds to the same Ni**-CO band seen in Ni-[DeAl]-Beta,
while the Ni*-(CO), bands correspond to those seen in the Ni-[Al]-Beta-19 sample. As the carbonyl ligands
desorb, two Ni*-CO bands are observed at 2113 and 2089 cm™ that correspond to Ni as an extraframework
cation and reoccupying silanol nest, respectively. Interestingly, there is no observable Ni**-CO band
corresponding to Ni in an extraframework cation exchange position, which is unexpected due to the
observation of Ni?*-CO in Ni-[Al]-Beta-19. This may be because the Ni?" sites in Ni-[Al]-Beta-150
correspond to the more reducible sites in Ni-[Al]-Beta-19. Alternatively, it is possible that the Ni** sites in

Ni-[Al]-Beta-150 are more coordinately saturated and unable to bind CO.

77



1 I 1 I 1 I 1 l 1 I 1
3 2197 2137 2122 20892076 2047
' Ni-[DeAl]-Beta
2] i
X
[
>
= 1
@®©
==
8
5 11
X
0 -
\ Ll | Ll I * ll | * ‘l ll ) | Ll
2250 2200 2150 2100 2050 2000 1950

Wavenumber [cm™]

Figure 4.4. CO adsorption at room temperature of Ni-[DeAl]-Beta after reduction at 300°C in 10% Ho.
Spectra taken (a-g) as gas phase CO was purged with Na. Spectra show Ni?" and Ni!" present reoccupying
silanol nests as well as Ni>-CO (2047 cm™).

CO adsorption after reduction in 10% H, was performed with Ni-[DeAl]-Beta to monitor the state of Ni
after the activation treatment that was required to catalyze CoHs hydrogenation. CO adsorption after H
reduction at 300°C for 30 min of Ni-[DeAl]-Beta is shown in Figure 4.4. Ni carbonyl bands observed at
2197,2137,2122,2090, and 2076 cm™! correspond to carbonyls of cationic Ni in a silanol nest.*® In addition
to these bands that have also been observed after CO reduction, a new band at 2047 cm™ is seen that has
previously been assigned to Ni’-CO.3! CO adsorption after 10% H, reduction of Ni-[DeAl]-Beta as a
function of reduction temperature from 185 to 400°C is shown in Figure 4.5. The spectra show the band at
2047 cm! appearing after reduction at 300°C and 400°C. The Ni*-(CO) bands are present in all spectra

indicating that reduction from Ni*" to Ni* starts to take place below 185°C.

78



] 2c')j47
8 Ni°
)]  Ni-[DeAl-Beta
6 ]
5. 400°C

300°C

Kubelka-Munk

185°C

| T | T
2150 2100 2050 2000 1950

Wavenumber [cm™]

Figure 4.5. FTIR spectra of CO adsorption at 30°C of Ni-[DeAl]-Beta catalysts reduced at temperatures
between 185-400°C in 10% H,. Spectra show a band at 2047 ¢cm!, assigned to Ni’-CO, starting to appear
at 300°C.

FTIR: in-situ C;H4 hydrogenation. C,H4 hydrogenation (reaction conditions: 100°C, 1:2:3 C,H4:Hz:He
after reduction at 300°C in 10% H;) with the Ni-Beta catalysts was monitored using in-situ FTIR
spectroscopy to look for the presence of adsorbed hydrocarbons that may cause deactivation. In particular,
the apparent reaction rate of Ni-[Al]-Beta-19 after 17 h of catalysis is 34% of the initial reaction rate (Table
4.1), which is a larger loss of activity compared to other catalysts. The reaction was stopped by co-feeding
10% CO to prevent any additional buildup of hydrocarbons on the Ni sites after 15 min of hydrogenation.
The spectra collected under reaction conditions with Ni-[Al]-Beta-19, Figure S4.5a, show an increase in
bands at 2958, 2927, 2875, and 2856 cm™' which correspond to alkyl ligands.’ The alkyl bands on Ni-[Al]-

Beta-19 are visible even in the presence of gas phase C,Ha. For the other catalysts C,H4 was purged from
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the cell to make the CH region visible. Gas phase C,Hg is visible during hydrogenation with Ni-[ Al]-Beta-
150, Figure S4.5b. After purging the reactants and products with N,, the same alkyl bands that were
observed with Ni-[Al]-Beta-19 are visible. While Ni-[DeAl]-Beta is under reaction conditions gas phase
C,Hs bands are seen as shown in Figure S4.5¢c. In contrast to the other catalysts, there are no alkyl bands

present after the reactants and products are purged from the cell.
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Figure 4.6. XANES spectra of Ni-[DeAl]-Beta after oxidation (Ni-[DeAl]-Beta-O) and after reduction at
300°C in 10% H» (Ni-DeAl-Beta-R). The pre-edge peak position suggests that oxidized Ni-[DeAl]-Beta
appear to be Ni?* in a tetrahedral like geometry. After reduction LCF analysis (Table S4.6 & Figure S4.6)
show approximately 50% of Ni is reduced to a metallic state.

X-Ray Absorption Spectroscopy (XAS)

XAS at Ni K-edge was performed to directly probe the local structure of Ni sites in the most active catalyst,
Ni-[DeAl]-Beta, before and after reduction with 10% H, at 300°C for 30 min. The X-ray absorption near
edge spectra (XANES), Figure 4.6, show that the pre-edge peak of oxidized Ni-[DeAl]-Beta is more intense
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and red-shifted by 0.4 eV in energy compared to that of octahedral Ni (NiO reference), consistent with the
Ni in tetrahedral geometry.* In addition to the pre-edge feature, the whiteline intensity in XANES and the
oscillations in low k region immediately above the whiteline are also indicative of Ni in tetrahedral
geometry. In contrast to octahedral Ni geometry, tetrahedral Ni complexes exhibit lower white line intensity
and less intensive oscillations at low £.%*3* It has been reported that tetrahedral Ni complexes show these
characteristics in the Ni K-edge XANES region due to fewer coordinated O atoms (4 in T4 vs 6 in Op).*
Spectra taken after reduction of Ni-[DeAl]-Beta, at 300°C in 10% H, for 30 min, indicate that Ni has
partially reduced, as evidenced by decrease in whiteline intensity and the growth of intensity around 8333
eV. Linear combination fitting (LCF) was used to estimate the degree of reduction by using the XANES of
the oxidized sample and that of metallic Ni nanoparticles (~5-6 nm size) as the basis spectra. The LCF,
Figure S4.6, shows that approximately 50% of the spectra can be represented by the metallic Ni nanoparticle
spectra, indicating that approximately 50% of the Ni in Ni-[DeAl]-Beta is reduced. However, it is possible
that the high intensity X-ray beam may induce the formation of additional metallic Ni, therefore this value
likely represents an upper limit to the amount of metallic Ni formed.*
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Figure 4.7. Wavelet analysis of reference NiO (left) and oxidized Ni-[DeAl]-Beta (right). The Ni-[DeAl]-
Beta spectra show that the scatterer at ca. 2.9 A is lighter than Ni by comparison with NiO spectra.

Wavelet transform analysis was performed on the EXAFS (Figure S4.7) of the oxidized Ni-[DeAl]-Beta
sample to aid in identification the scattering path responsible for the peak in the Fourier transform at ~2.7

A. The wavelet transforms, Figure 4.7, of Ni-[DeAl]-Beta and NiO show that while NiO’s second scattering
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path, which represents Ni — Ni scattering, is centered at R~ 2.6 A and k~7.0 A™!, oxidized Ni-[DeAl]-Beta
has its second feature centered at R = 2.5 A and k = 5.0 A™!. The fact that the second feature of oxidized
Ni-[DeAl]-Beta is centered at lower & indicates that it represents the scattering from lower Z element than
Ni. The second feature in oxidized Ni-[DeAl]-Beta is therefore assigned to the Ni-Si scattering from the
Beta zeolite support®, in agreement with the XANES interpretation that Ni-[DeAl]-Beta before reduction
has Ni?" cations occupying the silanol nest sites. The fitting parameters obtained from the best fit EXAFS
modeling of oxidized Ni-[DeAl]-Beta are summarized in Table S4.3. The fit gives total coordination
number (CN) of 4.1 & 1.6 for Ni-O scattering path, and CN of 3.7 + 2.1 for Ni-Si scattering path. Thus, the
EXAFS modeling agrees with the postulation that the Ni is 4-coordinate in silanol nest site in the oxidized
catalyst. Based on the LCF analysis of reduced Ni-[DeAl]-Beta, the EXAFS data were modelled using the
mixture of oxidized Ni-[DeAl]-Beta and metallic Ni. However, the EXAFS analysis of the reduced state
proved to be challenging, as it was difficult to unambiguously distinguish between Ni-Si scattering path
and the second Ni-Ni path of metal Ni. To tackle this issue, 50% of the oxidized Ni-[DeAl]-Beta portion of
the spectrum in reduced Ni-[DeAl]-Beta was subtracted out, and the spectrum purely representing the
reduced fraction of Ni-[DeAl]-Beta sample was constructed. The XANES and EXAFS of the constructed
spectrum are shown in Figure S4.7. The XANES of the constructed spectrum (Figure S4.7, pink) has
pronounced 8333.0 eV intensity, and its whiteline shape resembles the metallic Ni NP. The EXAFS also
resembles that of the Ni NP spectrum throughout k-space, but at a slightly lower amplitudes, suggesting
that the average size of the nanoparticles formed in the Ni-[DeAl]-Beta sample after reduction are smaller
than the 5 — 6 nm sized Ni NP of the reference spectrum. The EXAFS fitting parameters obtained from this
constructed spectrum is summarized in Table S4.4-4.5 and the fit is shown in Figure S4.8. Using the CNs
of the first to fourth Ni-Ni scattering paths, it was estimated that the average size of the nanoparticles formed
in the reduced Ni-[DeAl]-Beta are approximately 1 nm.*® Another calculation was carried out to determine
the number of atoms in a particle that would represent the coordination numbers extracted from the EXAFS

fitting (details in SI).>” The calculation indicates that the CN values from the EXAFS fit correspond to a
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particle of 40 — 100 atoms. The metal Ni particles of fcc crystal structure that consist of 40 — 100 atoms

have cluster diameters ranging from 0.9 — 1.3 nm. More details of these calculations can be found in SI.

10

Figure 4.8. NiO-SiO, prepared with Ni(acac), oxidized sample (left). Red circles indicate representative
NiO particles. Ni-[DeAl]-Beta prepared with Ni(acac), oxidized sample (right). The absence of abundant
large (>1 nm) Ni clusters on Ni-[DeAl]-Beta is confirmed by the lack of visible particles.

High Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-STEM)

HAADF-STEM images were taken of samples before and after reduction at 300°C in 10% H, for 2 h.
Representative images of NiO-SiO», prepared via the anhydrous method, and Ni-[DeAl]-Beta are shown in
Figure 4.8. NiO particles (some representative particles circled in red) can be seen in the NiO-SiO, sample,
with an average particle diameter of 1.6 + 0.3 nm. Imaging Ni dispersed on a zeolite is difficult due to the
low stability of the zeolite under the electron beam and the relatively low Z contrast between Ni and Si
compared to other more commonly imaged metals such as Pt, Rh, or Ir.!**¥*#! No NiO or Ni particles are
visible on the Ni-[DeAl]-Beta before or after reduction (post reduction samples were briefly exposed to air
during transfer to the TEM). Images taken after reduction of Ni-[DeAl]-Beta at 300°C for 2 h in 10% Ha,
shown in Figure S4.9, also lack any evidence of NiO or Ni particles. Energy-dispersive X-ray spectroscopy

(EDS), Figure S4.10, confirmed the presence of Ni in the sample area imaged. To validate imaging
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capabilities a sample of Ni-[Al]-Beta-150 with 2.7wt% Ni was synthesized and imaged. Figure S4.11,

shows a resulting dark-field image that confirms the presence of NiO clusters between 1.2 — 2.1 nm.
4.5 Discussion

C:;H,4 Hydrogenation Activity and Stability

Ni-[DeAl]-Beta, initially composed of Ni re-occupying empty silanol nests, exhibits approximately
20-fold higher apparent reaction rate and significantly less deactivation (Table 4.1) than Ni-[Al]-Beta-19,
where the Ni is present as extraframework cations. The results show that the Ni sites present in Ni-[Al]-
Beta-19 are comparatively less active for hydrogenation. This is enhanced by the relatively large
deactivation observed with a 60% decrease in conversion in just 1 h of catalysis. Because Ni-[Al]-Beta is
commonly used as a oligomerization catalyst, it is likely the cationic Ni sites that have not been reduced
can still catalyze C,Hs oligomerization.’ These oligomerization products can then build up on the catalyst,
Figure S4.5a, and block the active Ni sites. These results suggest that the extraframework Ni sites are either
active for hydrogenation but deactivate quickly due to buildup of alkyl ligands, or these Ni sites create
oligomerization products that then adsorb and deactivate the Ni sites that are active for hydrogenation. Ni-
[DeAl]-Beta showed no alkyl bands during or after hydrogenation (Figure S4.5¢) and was significantly
more stable than Ni-[Al]-Beta-19 suggesting that the Ni associated with framework Al are involved in the
relatively fast deactivation of Ni-[Al]-Beta-19. C;H4 hydrogenation on NiO-SiO; catalysts was also studied
as a reference to compare to various supported Ni-Beta catalysts. Between the two preparation methods
used for Ni supported on amorphous SiO», the anhydrous use of Ni(acac), precursor leads to an apparent
reaction rate 1.8-fold greater than that of the material prepared by wetness impregnation with Ni(NO3)s.
The difference in activity is attributed to smaller average particle size as well as smaller standard deviation
of Ni particles dispersed on SiO, using Ni(acac), compared to Ni(NOs), (1.6 = 0.3 nm and 3.2 £ 4 nm
respectively) as observed through HAADF-STEM. These factors result in more sites being available for

the same Ni weight loading on these amorphous supports.
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It was observed that the Ni catalysts could regain their initial activity by reactivating them by using
the initial activation conditions (typically at 300°C, 10% H, for 2 h). Reactivation of NiO-SiO> (aq), Figure
S4.12, shows that the catalyst regains the same activity after reactivation with the same conditions. These
results suggest that the mechanism of deactivation is a build-up of adsorbed species that are removed upon
re-activation. If the mechanism of deactivation was sintering, i.e., a loss of active sites, it would be expected
that upon reactivation of the catalyst the original activity would not be able to be recovered. The outcomes
here suggest sintering is not the main deactivation mechanism as repeated reduction would be expected to
exacerbate the issue. Instead, we propose deactivation through the build-up adsorbed alkyl species that

accumulate on the active Ni sites and deactivate them.

Nature of Ni sites on Ni-[DeAl]-Beta

XAS was performed on the oxidized Ni-[DeAl]-Beta catalyst to directly probe the state of Ni and
local environment of Ni. While CO and NO adsorption from FTIR suggest that Ni is occupying silanol
nests, XAS directly probes all Ni in the sample and can be used to look for the evidence of NiO clusters
that cannot be observed with CO or NO adsorption. Wavelet analysis is a useful because it allows the use
of information from both the Fourier transform as well as k space. The analysis can be used to rule out the
presence NiO on oxidized Ni-[DeAl]-Beta by comparing the spectrum to that of NiO. The second scattering
path of Ni-[DeAl]-Beta is centered around R = 2.5 A and k = 5 A! which is at lower k than the second (Ni
—Ni) scattering path of NiO. The XANES pre-edge peak position and intensity suggest Ni is in a tetrahedral-
like geometry, which is consistent with tetrahedral/pseudo-tetrahedral geometry of Ni reoccupying silanol
nests.*” The EXAFS fit of oxidized Ni-[DeAl]-Beta is also consistent with distorted tetrahedral Ni sites. To
generate the scattering paths for EXAFS fitting, the DFT optimized structure of Ni in silanol nest site was
used (see SI for details). The EXAFS of Ni-[DeAl]-Beta is best fit with CN of 1.8 £ 0.7 and 2.3 + 1.2 for
two different sets of Ni-O paths at 1.91 + 0.04 A and 2.06 + 0.04 A, respectively, and a CN of 3.3 = 1.7 for
Ni-Si path at 3.17 = 0.03 A. The resulting CN values, within error, are in good agreement with Ni
reoccupying the silanol nest site in tetrahedral coordination. A model using one set of Ni — O distance at
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1.99+0.01 A with CN of 5.3 + 0.9 also results in good-quality fit, but it gives a relatively large mean square
disorder of 0.013 A2, while the fit using two sets of Ni-O distances give mean square disorder of 0.002 A?
for both distances. Both fitting models indicate Ni reoccupying the silanol nest site with two different sets
of Ni — O bond distances. The details of EXAFS fitting parameters for both models are summarized in
Table S4.3. These results, along with HAADF-STEM and CO adsorption, show that Ni is reoccupying
silanol nests with a distorted tetrahedral geometry.

The synthesis of isolated Ni cations after high temperature oxidation, 600°C in 10% O, for 6 h,
following anhydrous deposition of Ni(acac), shows that Ni is more stable as isolated cations within the
zeolite framework than as extraframework NiO clusters. The Ni deposition method onto [DeAl]-Beta does
not involve a reaction between an acac ligand and an acid site to anchor the complex to the support, in
contrast to what has been observed with various metals interacting with zeolites that have H'
extraframework cations.'>* It is not likely that the acac ligands would preferentially interact with silanol
nest sites during deposition rather than other silanols present on the zeolite. Therefore, the oxidation appears
to allow the Ni cations sufficient mobility to reoccupy silanol nests, which are more favorable than Ni
agglomerating into extraframework NiO clusters. The results may be similar to what has recently been
observed with Pd on chabazite, where high temperature oxidation enables the dispersion of Pd to
extraframework cation sites.*

XAS spectra were recorded after reduction at 300°C; the reduction was not followed in-sifu because
exposure to the X-ray beam increases the degree of reduction of the Ni-[DeAl]-Beta sample.* The average
size of the metal clusters was estimated from the EXAFS fitting give an approximate size of 1 nm (0.9 —
1.2 nm) using two methods to estimate cluster size. It is likely that given the effects of the X-ray beam on
the Ni sites, that 1 nm represents the upper limit of the size of the Ni clusters. While the STEM images do
not show the presence of large Ni clusters, the predicted <1 nm clusters are also not visible likely due to
the low Z contrast between Ni and Si, as well as the imaging conditions used to minimize damage to the
zeolite framework. The high activity of Ni-[DeAl]-Beta is likely due to the small size of the metallic clusters
formed after reduction.
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Activation of Ni-Beta Catalysts

The catalytic activity of Ni-[DeAl]-Beta was tested after activation in 10% H» at 200°C, 250°C,
and 300°C to determine if less harsh reducing conditions could be used to enable CoH4 hydrogenation. It
was found that for activation at 250°C, as shown in Figure 4.8, the apparent reaction rate was 6.3 [mol CoHs
(mol Ni)! s7'] which is only 7% lower than what is measured with activation at 300°C (6.8 [mol C>Hg (mol
Ni)! s!] for equivalent TOS of 300°C activated sample). CO adsorption of reduction temperatures between
185-400°C, shown in Figure 4.5, show qualitatively that there is significantly less Ni’ in the sample reduced
at 250°C, as suggested by decreased intensity of the Ni’-CO band at 2047 cm™. One explanation is that the
first Ni° clusters formed at 250°C are highly active and result in similar activity to the more reduced state
of Ni in the catalyst reduced at 300°C. Another explanation is that, similar to what is seen with Ni-NU-
1000, cationic Ni dispersed in silanol nests is highly active for hydrogenation as well, but requires
activation around 250°C instead of the 200°C used with Ni-NU-1000. While outside of the scope of this
manuscript, it may be possible to distinguish between two different active sites by kinetic measurements.*
Similar experiments were run with Ni-[Al]-Beta-150, Figure S4.2, with reduction temperatures between
200—400°C. In contrast to the Ni-[DeAl]-Beta sample, there is a more significant difference between
reduction at 300°C and 250°C with 38% lower activity when activated at 250°C. Ni-[Al]-Beta-19 activity
increases significantly as the reduction temperature is increased from 300°C to 400°C as seen in Figure
S4.3. This is consistent with extraframework cation exchange Ni sites requiring high temperature reduction
to be active for hydrogenation and agrees with literature regarding temperature programmed reduction of

Ni-[Al]-Beta that indicates cationic Ni in extraframework positions is relatively resistant to reduction.*®
4.6 Conclusions

In this study, differences in coordination environment of Ni dispersed on Beta zeolites were examined to
determine effects on the electronic properties, catalytic activity, and stability under C,H4 hydrogenation

conditions. Adsorption experiments with both CO and NO as well as XAS show that two significant Ni
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environments in the Ni-Beta catalysts are 1) Ni in extraframework cation exchange sites in Beta zeolites
with framework Al and 2) Ni re-occupying empty silanol nests created by the dealumination process. It was
observed that in Ni-[Al]-Beta-19 Ni was present in extraframework cation exchange sites, while in Ni-
[DeAl]-Beta Ni re-occupied silanol nests. The Ni in Ni-[Al]-Beta-150 was present as a mixture of Ni in
silanol nests and extraframework exchange positions. The mechanism of deactivation was found to be an
accumulation of alkyl ligands that inactivates Ni sites; these sites were successfully regenerated and reused.
The Beta zeolites with partial or complete dealumination exhibit significantly higher activity than either
NiO-SiO; catalyst or Ni-[Al]-Beta-19. After reduction of the Ni-[DeAl]-Beta catalyst, approximately
nanometer-sized metallic Ni clusters are stabilized, as characterized by XAS and STEM. The silanol nests
provide isolated cationic Ni sites that can be easily reduced at relatively low temperatures to form highly

dispersed metallic Ni with high C;H4 hydrogenation activity.
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Experimental Details.

N2 Physisorption. Samples, loaded into a capped tube in the glovebox to exclude exposure to
moisture and air, were transferred to a Micromeritics 3Flex instrument and degassed at 350°C for
4 h before measurements under dynamic vacuum. Samples were weighed in a glovebox before and
after analysis to ensure a dry weight was obtained. N> adsorption isotherms were taken at -196°C.
BET surface area was determined in the relative pressure range 0.001-0.05. Micropore volume
was calculated using the t-plot method using Harkins-Jura thickness equation relating relative

pressure to thickness of adsorbed layer.

Ni nanoparticle (Ni NP) on SiO;

Under nitrogen flow, 257 mg of Ni(acac), was mixed with 15 mL oleylamine (OAm) and 0.32 mL oleic
acid (OA). The formed solution was heated to 110°C in 20 min, The solution was kept at 110 °C for an
hour to remove humidity and oxygen. Next, the solution was cooled down to 90 °C where 264 mg of BTB
solvated in 2 mL of OAm quickly injected into the solution. The resultant solution was kept at 90 °C for
60 min. The solution was cooled down to room temperature. 30 mL of ethanol was added, and the product
was separated by centrifugation (8000 rpm for 10 min). The product was then dispersed in hexane. TEM
image was collected to determine the size of the nanoparticles formed (Figure S4.13a). The concentration
of the Ni NPs was determined by thermogravimetric analysis (TGA) to be 2.3 g/l. 1 wt% of Ni was
impregnated in silica gel (BET Surface area= 300 m?/g). The silica was dispersed in ethanol and hexane
and the NPs solution was added drop by drop. The mixture was left under stirring for 1 h. The support

was collected by centrifugation and the obtained mixture was dried at 70°C for overnight.

DFT of Ni in a silanol nest

To prepare the initial structure, we started with a full BEA unit cell, removed a silicon atom from the T9
crystallographic site, and added hydrogen atoms to cap the oxygen atoms previously bound to the silicon.
This produces a silanol nest site with 4 OH groups. Next, a nickel atom was added to the center of the
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silanol nest and two hydrogens were removed to prepare the Ni(2+) state. This initial structure was then
optimized with VASP quantum chemistry software, using the RPBE functional, at a 520 eV energy

cutoff.

Extended Results

XANES
As shown in XANES spectra, the absorption edge of 8342.2 ¢V for the oxidized Ni-[DeAl]-Beta indicates

that the Ni remains in oxidation state of 2+, similar to NiO. However, except for the similar edge position,
the oxidized Ni-[DeAl]-Beta displays distinctive XANES features that suggest tetrahedral coordination
geometry for Ni centers, rather than the octahedral geometry. First distinguishing feature is the pre-edge
peak which arises from the 1s to 3d transition. Compared to NiO that is octahedral in coordination
geometry, oxidized Ni-[DeAl]-Beta has the pre-edge peak that is slightly red-shifted by 0.4 eV and is
more intense. In contrast to the octahedral geometry that is centrosymmetric, tetrahedral geometry
induces d-p orbital mixing and hence increases the probability for dipole-forbidden 1s to 3d transition.
This is manifested as more intense pre-edge peaks in tetrahedrally coordinated complexes. The overall
energy position for the pre-edge peak also differs between tetrahedral and octahedral complexes, as the
ligand field splitting puts the Ni d-orbitals at different energies for the two geometries. For NiZ* in
tetrahedral coordination geometry, the t; orbitals sit lower in energy than the e, orbitals do in the
octahedral complexes. Our pre-edge data is also consistent with the XANES data of other tetrahedral Ni
complexes that are reported elsewhere.!

Spectrum collected after reduction shows that there is formation of metallic Ni. In comparison to the
oxidized state, the whiteline intensity has decreased, but it still retains the single broad peak rather than
the two humps that the metallic Ni has. The pre-edge region of reduced state shows growth in intensity

around 8333 eV, which is consistent with the edge position of metallic Ni. The co-existence of single
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broad whiteline peak and the growth of intensity at 8333 eV suggests that the reduced state is a mixture of

the original oxidized state and metallic Ni.
Linear Combination Analysis (LCF) on XANES

Linear combination fitting (LCF) analysis on the reduced Ni-[DeAl]-Beta was performed with Athena
software of Demeter package.? The analysis was done within an energy range of -20 eV below to +30 eV
above the edge using the oxidized Ni-[DeAl]-Beta and Ni nanoparticle spectra as weighted components.
During the fit, the components were constrained to have no EO shift, and the weights were forced to be

between 0 and 1, while not constrained to weight sum of 1.

EXAFS
As shown in the Fourier-transformed EXAFS spectra in Figure S4.7, oxidized Ni-[DeAl]-Beta has much

smaller magnitude at 1.5A than the NiO. This observation is consistent with the smaller coordination
number for Ni-O in tetrahedral Ni centers in oxidized Ni-[DeAl]-Beta compared to the octahedral Ni in
NiO. The oxidized Ni-[DeAl]-Beta shows the second-shell peak at 2.7A, which is significantly weaker in

magnitude and slightly longer distance than the second shell of NiO at 2.6A.

The EXAFS of the reduced state of Ni-[DeAl]-Beta is consistent with the XANES in that the metallic Ni
has formed after the reduction. The k-space EXAFS of reduced Ni-[DeAl]-Beta above the k of 5 A is
dominated by the oscillation that aligns with that of metallic Ni, but at much weaker amplitude,
suggesting that the metallic Ni formed is in the form of very small, nanometer-sized particles. The
oscillations in the below k of 5 A™! deviates from the metallic Ni but shows some alignment with the as-
prepared Ni-[DeAl]-Beta, consistent with the XANES interpretation that the reduced Ni-[DeAl]-Beta is a
mixture of the as-prepared state and the metallic Ni nanoparticles. The Fourier-transform of EXAFS also
shows that reduced Ni-[DeAl]-Beta resembles the spectrum of Ni nanoparticles, but at much weaker
magnitudes, and has a small shoulder at R = 1.5A (phase uncorrected) that overlaps with the first shell of

oxidized Ni-[DeAl]-Beta. The wavelet transform analysis, Figure S4.14, on reduced Ni-[DeAl]-Beta also
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supports the mixture of oxidized and reduced Ni. The plot of reduced Ni-[DeAl]-Beta (Figure S4.14b) has
weak intensities at around R = 1.5A and k =4 A"' and R = 2.5A and k = 5-6 A", which align with the first
and second shell of oxidized Ni-[DeAl]-Beta, respectively, in addition to the features representing

metallic Ni (Figure S4.14c).

Calculation of nanoparticle cluster size based on coordination numbers from EXAFS

The CN values of the first to fourth Ni-Ni scattering paths were correlated with cluster diameter?
to determine that the Ni nanoparticles formed in the reduced Ni-[DeAl]-Beta are about 1 nm. The CN
values from the EXAFS fit of reduced Ni-[DeAl]-Beta was compared to the average CN values calculated
for the fce nanoparticle of perfect spherical shape. The best overlap for the CN values, together with their

error bars, indicated 1 to 1.3 nm sized clusters for the Ni-[DeAl]-Beta.

Additional calculation was carried out to determine the number of atoms in a particle that would
represent the coordination numbers extracted from the EXAFS fitting.* The formula and the parameters
from Andreas Jentys* was used. The calculation indicates that the CN values for the EXAFS fit
correspond to a particle with number of atoms ranging from 40-100. The metallic Ni particles of fcc
crystal structure that consist of 40-100 atoms have cluster radii ranging from 4.7 — 6.4 A, which

correspond to about 0.9 — 1.3 nm size particles. See below for the details of calculations.

The unit cell of nickel is fcc (which has 4 atoms in a unit cell) with the lattice parameter of 3.52 A
(unit cell volume of 43.6A%).° This information can be used to determine the radius of a cluster based on

the following equation:

4 3
5T
Nyni =3
unit cell Vu

Nyt cenn = Number of unit cells in a cluster

nit cell

Viunit cen= Volume of a unit cell

r = radius of cluster
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Number of atoms Number of unit cells Radius of cluster (A) Cluster diameter (nm)
40 10 4.7 0.9
80 20 5.9 1.2
100 25 6.4 1.3
NO Adsorption

In addition to CO adsorption, NO adsorption was performed on the oxidized Ni-Beta catalysts to probe
the Ni sites without reduction (NO also quickly oxidized reduced Ni sites).® Figure S4.15 shows FTIR
spectra after NO adsorption at room temperature, with band assignments in Table S4.1, that confirms the
presence of Ni?* extraframework cations due to framework Al and Ni occupying silanol nests in Ni-[Al]-
Beta-19 and Ni-[DeAl]-Beta, respectively.® The NO adsorption spectrum of Ni-[Al]-Beta-150 contains
bands from both Ni-[Al]-Beta-19 and Ni-[DeAl]-Beta indicating a mixture of Ni sites, extraframework
and silanol nests, but with an additional band at 1904 cm™ which is assigned to a Ni?*-NO complex of

Ni?" associated with framework Al that is different from the 1896 cm™ band.”
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Table S4.1. BET surface area and micropore volume from N, physisorption isotherms.

Material BET SA [m?/g]

Micropore Vol [cm?/g]

External SA [m?/g]

H-[Al]-Beta-19
Ni-[Al]-Beta-19
H-[Al]-Beta-150
Ni-[Al]-Beta-150
[DeAl]-Beta
Ni-[DeAl]-Beta

690
690
550
570
600
630

0.20
0.20
0.14
0.15
0.17
0.19

170
180
200
190
160
150

Table S4.2. Summary of bands seen with CO adsorption of materials reduced at 300°C in CO. NO
bands are summarized as well of NO adsorbed onto oxidized materials. Ni?* in extraframework

cation exchange positions °Ni?* reoccupying silanol nests

Material ;Ni2-CO  °NiZ-CO  “Ni'(CO)y  °Ni'«(CO), *Ni¥NO  °Ni?-NO
2139, 2112,
Ni-[Al]-Beta-19 2212 2095 2095 1896 -
2137, 2122,
Ni-[DeAl]-Beta - 2076, 2090 - 1879, 1840
1909,
Ni-[Al]-Beta-150 - 2138,2113 2095, 2089 1896 1879, 1840

Table S4.3. The EXAFS fitting parameters for oxidized Ni-[DeAl]-Beta.
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Ni-Si 3011 3.17+£0.02

. R? o2°¢ AE,1 o )
Path CN A) (10° A2) eV R-factor (%) Reduced y
Using one set of Ni-O distance
Ni-O 53+09 1.99+0.01 13.1+10.2 1.5+1.3 0.6 109

93+44 1.5+1.3

Using two sets of Ni-O distances

Ni-Og 1.8+0.7 1.91+0.04

Ni-0; 2312  2.06+0.04

Ni-Si 3317 3.17+£0.03

1.8+8.9 14+2.6 0.4 219

1.8+ 8.9 14+2.6

10.0+6.2 14+£2.6

“ Coordination number. ® Interatomic distance. ¢ Mean square disorder. ¢ Energy-shift in the fitting.
The Sy value was fixed to 0.87, which was obtained from fitting Ni foil.

The k-range used for the fits: 1.0 — 3.7 A™!
The R-range used for the fits: 3.6 - 9.5 A

Table S4.4. The EXAFS fitting parameters for reduced Ni-[DeAl]-Beta.

Fraction  Path CN* R*(A) i g:;z) ?g‘;)d R'(ff;z;‘" Reduced 2
Ni-O  43+08 197£0.01 59+22
0512001 \isi 06209 308x004 11212 ~O0F00
Ni-Ni; 8.4 2.47 7.7
Ni-Nij 1.7 3.43 4.3 0.9 14.03
0.49 +0.00  Nj-Nis 95 430 74 4.0+0.5
Ni-Nig 3.7 5.15 1.0

“ Coordination number. ” Interatomic distance. © Mean square disorder . ¢ Energy-shift in the fitting.
The CN, R, and ¢® parameters for Ni-Ni scattering paths are fixed to the values from the EXAFS fitting
of extracted (50% AP) data. The CN values are multiplied by fraction in the fit.

The S¢* value was fixed to 0.87, which was obtained from fitting Ni foil.

The k-range used for the fit: 2.9 — 9.8 A*!
The R-range used for the fit: 1.0 — 5.5 A

Table S4.5. The EXAFS fitting parameters for extracted (50% oxidized) state.
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. R’ o’* AE,* R-factor )
Path CN A) (10° A?) V) (%) Reduced

Ni-Ni; 84+12 2.47+0.01 7.7+1.3
Ni-Niz 1.7+£22 3.43£0.03 43+11.9

Ni-Ni3 9.5+6.0 4.30+0.01 74+5.5 4.0+14 1.3 42.6

Ni-Nig 3.7+5.2 5.15+£0.03 1.0+9.9

“ Coordination number. ” Interatomic distance. © Mean square disorder . ¢ Energy-shift in the fitting.
The S¢* value was fixed to 0.87, which was obtained from fitting Ni foil.

The k-range used for the fit: 2.9 — 10.4 A"

The R-range used for the fit: 1.4 —-5.5 A

Table S4.6. LCF analysis of Ni-[DeAl]-Beta after reduction at 300°C in 10% H». The analysis shows

that approximately 50% of the Ni sites are reduced to metallic Ni. R-factor: 4.51 x10, Reduced chi-
square: 8.45 x 1073,

Standard Weight

NiNP 0.557 (0.004)
Ni-[DeAl]-Beta-O 0.434 (0.004)
Sum: 0.991
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Figure S4.1. N, physisorption isotherms for all Beta catalysts. The isotherms show no significant

change to the zeolite structure after Ni deposition.
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Figure S4.2. Ni-[Al]-Beta-150 activated at different temperatures between 200-400°C for 2 h in 10%
Ha. All experiments run at the same W/F. Conversion increases by 1.6-fold when increasing

activation temperature from 250°C to 300°C, and by 1.1-fold when increasing temperature from

300°C to 400°C.
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Figure S4.3. The effect of activation temperature on C;H, hydrogenation of Ni-[Al]-Beta-19. Samples

were activated at 400°C and 300°C in 10% H; for 2 hours and were run at the same W/F. Conversion

increases by an average of 2.3-fold by increasing activation temperature from 300°C to 400°C.
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Figure S4.4. CO adsorption at room temperature of Ni-[Al]-Beta-150. Sample was previously reduced at
300°C for 15 min in 10% CO. Spectra taken (a-1) as gas phase CO was purged with He. Spectra indicate of

mixture of Ni in silanol nests and extraframework cation exchange positions.
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Figure S4.5. a) In-situ FTIR of Ni-[Al]-Beta-19 during C,H, hydrogenation (1:2:3 C;H4:H,:He, at
100°C) after activation in 10% H; at 300°C. Spectra start with the introduction of reaction gases at
spectrum a) Spectra show a large increase in adsorbed alkyl species on Ni-[ Al]-Beta-19 during
reaction. b) Before, during, and after C;H4 hydrogenation with Ni-[Al]-Beta-150. Spectra show
adsorbed alkyl ligands after hydrogenation. c) Before, during, and after C;H4 hydrogenation with Ni-

[DeAl]-Beta. Spectra show no adsorbed alkyl ligands after hydrogenation.
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Figure S4.6. LCF of the reduced state of Ni after 300°C reduction, results of analysis in Table
S4.6. The analysis shows that approximately 50% (Table S6) of the Ni in the spectra can be

represented by metallic Ni nanoparticles.
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Figure S4.7. XANES and EXAFS constructed spectrum representing the reduced fraction of
Ni-[DeAl]-Beta (50% Extracted) as well as both oxidized and reduced Ni-[DeAl]-Beta. The

reconstructed spectrum resembles the NiNP but with smaller oscillations throughout k-space.
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Figure S4.8. EXAFS spectra of Ni-[DeAl]-Beta after oxidation (left) and after reduction

(right) at 300°C in 10% Ho. Data is in black while the fits are shown in red and the fitting

window is in blue.
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Figure S4.9. Representative image of Ni-[DeAl]-Beta with dark-field (left) and bright-field (right)

images taken after reduction of the sample at 300°C in 10% H, for 2 hours. The images show no

evidence of NiO nanoparticles.
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B Spectrum 1

Figure S4.10. EDS spectrum of Ni-[DeAl]-Beta oxidized sample. Spectrum confirms the presence of

Ni as well as the absence of Al.
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Figure S4.11. Reference dark field image taken of 2.7wt% Ni dispersed on [Al]-Beta-150. Image

was taken to validate imaging of nano-sized NiO clusters on a zeolite.
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Figure S4.12. Reactivation of NiO-SiO; (aq) catalyst. Catalysis shows identical activity after

reactivation with the same pretreatment conditions (10% H», 300°C for 2 h).
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Figure S4.13. (a) TEM images of the synthesized Ni NP supported on SiOs. (b) Size

distribution of N1 NP.
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Figure S4.14. (a) Wavelet analysis of Ni NP, (b) reduced Ni-[DeAl]-Beta (b, 300°C 10% H>), and (c)
oxidized Ni-[DeAl]-Beta. The analysis qualitatively shows that reduced Ni-[DeAl]-Beta has features of

both Ni NP and Ni-[DeAl]-Beta-O, suggesting that there is a mixture of reduced and oxidized Ni sites.
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Figure S4.15. NO adsorption at room temperature onto oxidized catalysts. NO was briefly pulsed
(1%NO 99% N) and then spectra were taken. Ni-[Al]-Beta-19 (red) and Ni-[DeAl]-Beta (blue) show
bands due to extraframework cation exchange Ni and Ni reoccupying silanol nests respectively. The
Ni-[Al]-Beta-150 (purple) spectrum indicates a mixture of extraframework Ni cations as well as Ni

reoccupying silanol nests.
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Chapter 5

Re-dispersion of metallic of nanometallic Ni clusters on Ni-[DeAl]-Beta

Initial proof of concept experiment with suggested future steps
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5.1 Abstract

The following is a rough set of initial experiments that look to show how metallic Ni clusters formed on
Ni-[DeAl]-Beta may be redispersed atomically by oxidation. It was observed that after reduction of Ni-
[DeAl]-Beta (300°C 10% H,, leads to the formation nanometallic Ni clusters of 0.9 — 1.2 nm, see Chapter
4) that the metallic Ni nanoparticles. When the reduced sample was exposed to ambient air the clusters
appear to re-oxidize as indicated by a color change of the sample from grey/black to white, this is not
observed on a reference material NiO-SiO,. The same color change took place after reduction at 400°C,
which indicates even larger nanoparticles may be able to be oxidized. Calcination of the air exposed sample
followed by CO adsorption leads to a large Ni** monocarbonyl band, indicating it is likely a significant
portion of the Ni has re-dispersed from nanoparticles to atomically reoccupying silanol nests. The results
are promising but need a more systematic set of experiments to be publishable, a set of next steps and future

experiments are suggested.

5.2 Experimental Methods

Sample Synthesis. Dealuminated Beta ([DeAl]-Beta) was synthesized by heating NH4-[ Al]-Beta (Zeolyst,
CP814C) to 80°C in 13M nitric acid for 16 h. Afterwards, the zeolite was washed then dried at 120°C before
calcination at 600°C in 10% O, for 6 h with ramp rate 2°C/min and a 1 h hold at 120°C. [DeAl]-Beta was
transferred from calcination to an argon filled glovebox without exposure to air. Calcined Beta zeolites
were mixed with Ni(acac), (acac= acetylacetonate; STREM chemical min 95%) and n-pentane in a Schlenk
flask such that the Ni loading was 1wt% (£0.02%, exact Ni loading was calculated for each sample). The
solution was stirred for 24 h and then the solvent was evacuated for 24 h. The Ni loaded zeolite was then
calcined in 10% O, at 600°C for 6 h, ramp rate of 2°C/min with a 1 h hold at 120°C, and then stored in an
argon glovebox. Reduction of Ni-[DeAl]-Beta was done by loading a calcined sample in a glovebox and
transferring, without exposure to air, to a three-zone heated reactor. The sample was heated at 2°C/min to
the reduction temperature (300°C or 400°C) and held for 2 h in 10% H, (Praxair, 99.999%) 90% N> (Praxair,

99.999%).
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5.3 Results and Discussion

&l

Figure 5.1. a) Ni-[DeAl]-Beta in reactor after reduction at 300°C in 10% H, for 2 h. b) The same sample
after 2 days of exposure to ambient air.

Figure 5.2. a) Ni-[DeAl]-Beta in reactor after reduction at 400°C in 10% H, for 2 h. b) The same sample
after 4 days of exposure to ambient air.
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Figures 5.1 and 5.2 show Ni-[DeAl]-Beta samples after reduction and then subsequent air exposure. The
color change is likely an indication of reoxidation of the Ni sites, which happens over the course of a few
days at ambient conditions. This behavior was not observed after reduction of a reference material NiO
dispersed onto amorphous SiO,. One explanation for this could be the difference in metallic Ni particle
size, the metallic Ni particles on reduced Ni-[DeAl]-Beta are a maximum of 1 nm while particle size of

metallic Ni nanoparticles on SiO; are likely significantly larger.

The relative amount of Ni** was probed using CO adsorption at room temperature on Ni-[DeAl]-
Beta after reduction (300°C 10% H) then reoxidation (600°C 10% O,). In Figure 5.3, this spectrum is
compared to a previously taken spectrum of Ni-[DeAl]-Beta after just oxidation treatment (referred to as
as-prepared, AP). The Ni** monocarbonyl band is larger on the reoxidized sample than the AP sample. This
suggests the amount of Ni*" is similar between the two materials even though one had gone through a
reductive treatment to form a significant amount of metallic Ni. However, there are some limitations to
interpretation of the spectra. The FTIR in-situ pretreatment was not the same (AP was dried at 300°C in
N>) which could result in different in amount of Ni* monocarbonyls because even residual moisture will
reduce CO binding. Another factor that the partial pressure of CO between the two samples is likely
different, this will affect the peak height of the Ni** monocarbonyl band. Even with these limitations it is
still likely that the Ni nanoparticles are able to be re-dispersed into silanol nests after reduction and

agglomeration, but more systemic experiments are needed.
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Figure 5.3. CO adsorption onto Ni-[DeAl]-Beta with no reductive treatment (AP, red) and Ni-[DeAl]-

Beta after reduction (Reoxidized, black) at 300°C 10% H,, and then re-oxidation at 600°C in 10% O..

The Ni** monocarbonyl band at 2197 cm™! is at a similar magnitude between the two samples, suggesting
a similar amount of Ni** in silanol nests.

5.4 Suggested Future Steps

A more definitive experiment to be used as a proof of concept with CO (or NO) adsorption is
suggested as a starting point. The limitations stated in the previous section make it difficult to draw strong
conclusions from the spectra. Either the same sample should be used with all gas treatments done in-situ in
the FTIR cell (i.e. Figure 5.3 recreated with a single sample in-situ) or one synthesis batch of Ni-[DeAl]-
Beta should be used for both the AP state (after only oxidation) and reoxidized spectra. Ni** monocarbonyl
peak height depends on gas concentration so care should be taken to make sure the spectra being compared
are under the same conditions. Air exposure is likely not necessary, it can be done and maybe there are
interesting properties of the Ni sites but as far as FTIR goes H>O will interfere with CO interacting with the
Ni sites potentially making adsorption experiments more difficult. There is precedent for similar ion

mobility with Pd in Chabazite as shown by Lardinois et al that see ion mobility under high temperature
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oxidizing conditions to extraframework cation sites.! Further techniques that directly characterize the Ni
sites are suggested to understand the state of Ni more completely, assuming the CO/NO adsorption
experiments show promise. XAS will be able to show what the average local environment looks like, with
wavelet analysis potentially helping to look for the presence of a Ni — Ni scattering path ( see Chapter 4)
after reoxidation.? Imaging of the reduced state (higher temperature reduction may help by creating larger
metallic nanoparticles) without exposure to air before loading sample into the TEM compared to after
reoxidation would be very valuable. XPS has the potential to be useful as well since it is possible there may
be surface enrichment of Ni after reduction given that the nanoparticles are around 1 nm after 300°C

reduction and potentially larger if reduction temperature is increased.
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