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Abstract

Abstract

Metal-organic frameworks (MOFs) are a class of porous materials, formed by inorganic
nodes coordinated by organic linkers. MOFs have been extensively studied for applications in
gas absorption, molecular separation, and catalysis. Recently, MOFs have been demonstrated
to be excellent templates for functional materials. This work explores the use of MOFs as
sacrificial templates to synthesise high performing catalysts and investigates the templating

process.

Chapter 1 introduces MOFs and the advantages of their use as templates for the
synthesis of functional materials, supported by examples of reported MOF-templated materials.
The limited application of reducing atmosphere in MOF-templating and the lack of
understanding of the templating mechanism are identified as opportunities of contribution to
the field. In addition, the relevance of catalysts for renewable H, conversion into methane and
ammonia is discussed. Lastly, high-throughput experimentation and powder X-ray diffraction

are presented as tools for catalyst investigation.

Chapter 2 describes a systematic study of a manganese-based MOF and two post-
synthetically metalated versions of the MOF with rhodium. The MOFs were used as precursors
for CO2 hydrogenation catalysts. The transformation of the MOFs into the active catalysts
occurred under reactive conditions (80% H2/CO2). The structure of the MOF-templated
catalysts and partially decomposed samples were characterized using a range of techniques
(powder X-ray diffraction, electron microscopy, and X-ray photoelectron spectroscopy). Rh
was demonstrated to assist in the templating process by decomposing the organic components
of the MOF to form a mesh of Rh® nanoparticles and MnO or MnCOs crystals, dependent on

the metalation conditions.




Abstract

Chapter 3 presents a highly active CO, methanation catalyst derived from a Ru-
impregnated zirconium MOF. In this case, after decomposition under reducing conditions
(80% H2 and 20% COg, at 4 bar and 350 °C), the MOF-templated catalyst was composed of
Ru® nanoparticles evenly distributed on nano-ZrO; crystals. This catalyst displayed remarkable
activity, with Hx conversions of 96% and CHjs selectivity of 99% and outperformed all tested
controls, including a commercial benchmark (10 to 30% Ni/SiO.) and samples with the same
chemical composition. The structure achieved by the MOF-templating method underpined the
high activity and was characterized using powder X-ray diffraction, electron microscopy and

X-ray photoelectron spectroscopy.

Chapter 4 investigates how different Ru/Zr-MOF components affect the catalytic
performance and final structure of the MOF-templated catalysts. In this study different organic
linkers, active metals and node metal were evaluated for CO, methanation. In addition, in
operando powder X-ray diffraction experiments clarified the phase transition during the MOF-

templating of the active catalyst.

Lastly, chapter 5 extends the concept of the MOF-templating method used in Chapter 3
and 4 to a different reaction, NHz synthesis. A cerium MOF impregnated with ruthenium was
used as catalyst precursor. The unpromoted catalyst displayed high activity at low pressures (30
and 50 bar), outperforming the tested controls. The structure was found to be composed of Ru®
nanoparticles evenly distributed on nano-CeO> crystals. This synthesis route was shown to
provide the catalysts with high activity by controlling the active metal distribution and final

morphology.

Vi
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Argon
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Brunauer, Emmett and Teller method for specific surface area
Backscattered electrons
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Carbon

Embedded in carbon
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Cerium (IV) oxide
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Methane

Carbon monoxide

Carbon dioxide

Density functional theory

N,N-Dimethylformamide

Energy dispersive spectroscopy

Eletronic supporting information a.k.a. supporting information
"under conditions different from the process conditions™
Iron

Gas chromatography

Peak profile with 30% Gaussian contribution and 70% Lorentzian
contribution

Dihydrogen

Terephthalic acid

High-angle annular dark-field imaging

Copper (11) benzene-1,3,5-tricarboxylate
High-resolution transmission electron microscopy
High-throughput

"under process conditions”

Incipient wetness impregnation

Volume weighted column height calculated via integral breadth a.k.a.
apparent crystallite size
Generic metal (0)

Generic metal carbide
Chromium (111) terephthalate
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Mn
MnCOQOs3
MnMOF
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MnO
MOF
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RuCls
Scha
Sco
SCXRD
SEM
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STEM
STY
TEM
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UiO-66
WHSV
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XH2
XPS
Zr
ZrO;
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Manganese
Manganese (I1) carbonate

MOF with Mn (1) trimers and deprotonated bis(4-(4’-carboxyphenyl)-
3,5- dimethylpyrazolyl)methane ligands
MnMOF post-synthetically metalated with Rh (1)

Manganese (1) oxide

Metal-organic framework

Zinc (1) terephthalate

Generic metal oxide

Mass spectrometry or mass spectrometer
MOF-templated catalyst

Nitrogen

Dinitrogen

Ammonia

Nanoparticle

Post-synthetic modification
Post-synthetic metalation

Power-to-Gas

Powder X-ray diffraction

Rhodium

Ruthenium

Ruthenium (I11) chloride

Selectivity for methane

Selectivity for carbon monoxide
Single-crystal X-ray diffraction
Scanning electron microscopy
Supporting information

Scanning transmission electron microscopy
Space Time Yield (mol of product per time per mass of catalyst)
Transmission electron microscopy
Thermogravimetric analysis

Zirconium (1V) terephthalate
Weight-hourly space velocity (volumetric flow per mass of catalyst)
Conversion of carbon dioxide
Conversion of dihydrogen

X-ray photoelectron spectroscopy
Zirconium

Zirconium (1V) oxide

*QOther chemical elements may be referred to by their standard symbol
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Chapter 1

1. Introduction

1.1. Metal-organic frameworks

Metal-organic frameworks (MOFs) consist of inorganic nodes (metal ions or clusters)
coordinated by organic linkers to form continuous two or three dimensional structures?
(Figure 1). MOFs typically possess ultra-high porosity and pore volumes with examples
showing BET specific surface areas over 6000 m?/g.22 Although MOFs are well known for
their high degree of crystallinity, non-crystalline MOFs (amorphous, glass and liquid) have also
been reported.*® The number of new MOFs reported in the literature is growing each year as
the essentially limitless combination of different inorganic nodes and organic linkers give rise
to an extensive variety of topologies and the potential to tailor pore functionality.® MOFs are
commonly synthesised using ‘one-pot” solvothermal synthesis methods, however the
functionality of the as-synthesised materials can be tuned via post-synthetic modification
(PSM) techniques including, covalent functionalisation,” linker exchange,® post synthetic

metalation,® and cation exchange at the metal node.*°
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Metal organic framework
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Figure 1: Scheme showing how organic and inorganic components comprise a MOF with primitive
cubic (pcu) topology, such as MOF-5.

Due to their highly porous structures and tunable pore shape, size and functionality
MOFs have been extensively studied for applications to molecular separation,'! gas storage,'*

13 catalysis,** and drug delivery.t®

Catalysis is an established area in MOF chemistry.16-?2 Catalysis comprises the decrease
of the overall activation energy of a reaction by the interaction of the reactants with another
substance, a catalyst, which is not consumed during the process, this interaction results in a
decrease of the transition state energy or a reaction pathway change. Catalysts can be in the
same phase as the reactants (homogeneous catalysts) or in a different phase (heterogeneous
catalysts). Heterogeneous catalysis are solids that interact with reactants in the liquid phase or
in the gas phase, and provide active sites that allow adsorption of reactants, formation of
intermediate molecules and desorption of products. Furthermore, due to the ease of separation
from the reaction medium heterogeneous catalysts make up a large proportion of catalysts
employed in industrial processes.?® The use of MOFs as heterogeneous catalysts takes
advantage of their solid state and versatile structure that allow catalytically active sites to be
immobilised within their framework structure whilst the porosity offers accessibility to these

sites by reactant molecules and diffusion of products.
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1.1.1. MOFs as heterogeneous catalysts
Catalytically active metal sites can exist in MOFs: as coordinatively unsaturated
inorganic nodes; as metals bound to node or linker; and as metals confined within the
framework pores (Figure 2). These possibilities are briefly discussed and exemplified in this

section.

Removal of - o
guest molecules k Coordinatively

v

= -~ unsaturated

b sites (CUS)

Metalation of CUS

by guest molecule Metal grafted on
displacement ~-- inorganic node

Post-synthetic

metalation Metal centre

on linker

A ,
~o -

Post-synthetic

metal exchange Metal centre

on linker

A ’

~o -

Post-synthetic
metal impregnation Metal precursor or
> Metal nanoparticle

confined within

&€ G F d
A !

Figure 2: Examples of procedures to generate catalytically active metal sites in MOFs.

1.1.1.1. Coordinatively unsaturated sites (CUS)

A number of MOF frameworks can be synthesised that are composed of metal nodes
that possess coordinatively unsaturated sites (CUS) i.e. they have free binding sites available
for guest molecules.” 2* Typically these sites are occupied by non-structural solvent molecules,
which when removed create an unsaturated metal site with Lewis acidic character (Figure 2A).

These coordinatively unsaturated sites can be directly used as active sites for catalysis.!®: 24-25
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or they can be functionalised to achieve a targeted property.?” As an example of the former,
Schlichte et al. have demonstrated that upon removal of water from the metal nodes of
HKUST-1 (Copper (ii) benzene-1,3,5-tricarboxylate, a.k.a. Cu-BTC) the MOF acted as a Lewis
acid for the activation of benzaldehyde during the cyanosilylation in heptane.?® An example of
functionalising the CUS of a metal node is represented by the post-synthetic grafting of the
CUS of Cr-MIL-101. Here, ethylenediamine molecules are grafted on to unsaturated Cr sites to
generate a catalyst with high activity for Knoevenagel condensation.?’ Metalation of CUS
(Figure 2B) has been demonstrated for UiO-66 impregnated with vanadium. Characterisation
indicated that the V°* atoms were attached to the inorganic nodes of the MOF where linkers
were absent.?® Lastly, cation exchange of Zn?* by Ni?* at the inorganic node of MFU-4I has
been shown to produce a highly active and selective catalyst for dimerisation of ethylene to
1-butene, the Ni-containing nodes are demonstrated to act as immobilised molecular catalysts.
These examples demonstrate how CUS can act as catalytic sites or can allow organic or metallic

species to bind to it in order to improve the MOF catalytic activity.

1.1.1.2. Metalated organic linkers

Metal ions bound to MOF linkers can combine the selectivity of transition metal-based
homogeneous catalysts with the separation advantages of heterogeneous catalysts.>® In order to
create catalytic sites analogous to some homogeneous catalysts, one approach is the direct
synthesis of a MOF using metalated linkers (Figure 2D, left).! Another strategy involves the
introduction or exchange of metallic species in the organic linkers of a MOF by post-synthetic
metalation (PSMet) techniques (Figure 2C, D).° A review of reactions catalysed by MOFs
linkers has been reported by Mondloch et al.*® A specific example of PSMet is the work of
Burgun et al. who have used a Mn-based MOF metalated with Rh'* as catalyst for the catalytic
carbonylation of MeBr and Mel. In this study the immobilisation of Rh onto the linker within

a highly crystalline MOF allowed the investigation of single-site catalysis by single crystal X-
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ray diffraction studies. The linker moiety in that system, namely bis(1-pyrazolyl)methane, is
commonly used in homogeneous organometallic catalysts, e.g. for hydroamination,®?=® and
immobilisation of these catalysts is important for their recyclability.®* this clearly illustrates the

potential of MOFs as heterogeneous catalysts.

1.1.1.3. Metal species embedded in MOFs

The two previous sections discussed metal centres immobilised onto the framework
components, however, metal species can also be confined to the MOF pores in order to produce
embedded metal nanoparticles (Figure 2E).2*® Catalysis using nanoparticles embedded within
MOFs (NP@MOFs) take advantage of the nanoparticles catalytically active surface whilst
allowing diffusion of reactants and products through the MOF pores. In addition, the framework
can assist in stabilising the nanoparticles, avoiding their agglomeration or the need for coatings.
Reviews®-%8 on the use of NP@MOFs for heterogeneous catalysis indicate a large interest in
these composites and reveal liquid phase catalysed reactions as the focus of application of
NP@MOFs catalysts. For example, Shen et al. have used UiO-66-NH; as support for Pd°
nanoparticles to achieve the photocatalytic reduction of aqueous Cr(V1).3° In the gas phase,
Fischer’s group impregnated MOF-5 with copper nanoparticles for methanol synthesis from
synthesis gas (72 vol% Ha, 4 vol% CO;, 10 vol% CO, and 14 vol% He) at 220 °C,**** however,
they observed the collapse of the MOF under catalytic conditions. Liang et al. have impregnated
Al-MIL-53 with palladium nanoparticles which showed complete CO oxidation at 115 °C
(reactive gas mixture containing 1vol% CO, 21 vol% O, and 78 vol% Ar), however, its
catalytic activity and crystallinity were affected after five cycles,*? indicating that the catalyst

was not stable under those conditions.

Independent of the location of the catalytic site, MOF catalysts have been largely tested
for liquid phase catalysis and these early studies suggest that they have a huge potential for

application to the synthesis of fine chemicals.*® In contrast, reports of MOF-catalysts for gas
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phase reactions are usually limited to low temperature reactions and in many cases the catalysts
display signs of decomposition. In addition, to their low thermal stability, MOFs commonly
suffer structural damage from exposure to moisture and over wide pH ranges, mostly due to the
weak coordination bonds between linkers and inorganic nodes.** However, very recent work
has shown that the collapse of the MOF structures can yield materials with structural properties

that cannot be easily accessed by other synthetic methods.

1.1.2. MOF conversion to materials

The use of MOFs as sacrificial templates (MOF-templating or MOF-mediated
synthesis) for the synthesis of inorganic nanostructures has seen a rapid growth in the last few
years. The hybrid composition and controlled structure of MOFs, ensures a regular arrangement
of the inorganic nodes spaced by organic ligands. These extended structures can assist in the
synthesis of nanoporous carbons (C), metal (M®), metal oxides (MOy) and their composite
materials with excellent control of morphology and spatial composition. Examples of such
materials have been applied for adsorption, electrochemistry and catalysis. It is worth
mentioning that reports on MOF-derived materials frequently misuse the terms “pyrolysis” and
“calcination” to refer to the heat-treatment used. Here, as defined by IUPAC”, “pyrolysis”

suggests heat-treatment in an inert atmosphere, whereas “calcination” is used for heat-treatment

in air or oxygen-containing atmosphere.*®

1.1.2.1. Non-catalytic MOF-derived materials

1.1.2.1.1. Carbon-containing materials

Upon collapse of the crystalline MOF structure, the organic linkers act as carbon source
for the synthesis of amorphous or graphitic carbon; whereas the metal nodes may agglomerate
to form more stable MOy nanoparticles. The distance between nodes imposed by the linkers

and the formation of carbon matrix may lead to a size control of the nanoparticles. Furthermore,

* International Union of Pure and Applied Chemistry
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the C matrix can assist in stabilising/supporting these nanoparticles. MOF-templating can also
be used for the synthesis of metal-free nanoporous carbon. For example, nanoporous carbon
has been produced via pyrolysis of MOF-5, the removal of the metal occurred during the
pyrolysis process as a result of the volatility of Zn at 1000 °C. At lower temperatures, ZnO is
formed embedded within a porous C matrix, whilst temperature increase causes the Zn?* to
reduce to metal and leads to its evaporation." The resulting Zn-free nanoporous carbon
displayed good H. capture properties as well as good electrochemical properties for electrode
application.*® However, MOy, MCy, M° and C composites are the most common product of the
pyrolysis of MOFs. The metal species formed depends on the temperature used and the Gibbs
free energy of the reaction of the metal oxide with the present reductant.*” An example of MOx
embedded in C is given by Banerjee et al. who produced high surface area FesOs@C by
pyrolysis of Fe-MIL-53 in Ar. The MOF-derived material was tested as adsorbent for pollutant
(oiland dye) removal with the advantage of being able to be recovered from liquids by magnetic
separation.”® The pyrolysis of Zn and Mg MOFs at 650 °C yielded their respective MOx
embedded in porous carbon; at 1000 °C, Zn-free porous carbon and MgO embedded in porous
carbon, respectively. Notably, the all four derived materials retained the morphology of the
parent MOFs.*® These examples demonstrate how pyrolysis of MOFs can lead to the
‘templating’ of nanoporous carbon doped with metal oxides or free of metals.
1.1.2.1.2. Carbon-free materials

The removal of carbon from the MOF-derived materials can be achieved via direct
calcination (air) or via two steps: pyrolysis (N2 or Ar) followed by calcination (air). For
instance, o-Fe2O3 anode materials for lithium battery application were obtained via two steps:
pyrolysis of Fe-MIL-88 yielded particles of FeOx@C, which upon calcination for the removal

of carbon produced clusters of a-Fe;O3 nanoparticles. The particles of FeOx@C and the a-Fe.O3

' Zn® boiling point is 907 °C
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nanoparticle clusters both inherited the morphology of the parent MOF crystals. The direct
calcination of Fe-MIL-88, also yielded a-Fe>Os with similar morphology to the MOF, however
with lower surface area and different electrochemical performance.>® Although not discussed
by the authors, assessment of the powder diffraction patterns suggests smaller hematite
crystallite size via direct calcination and evidence of an additional phase (PXRD? reflections at
56 °26 and between 65 and 70 °20), further indicating differences between the two methods.
Using the two-step synthesis approach, a 6 wt%CeO./CuO/Cu,O composite was synthesised
by pyrolysis followed by calcination of Ce-impregnated HKUST-1. The high level of dispersion
of CeO2 on the final composite is suggested by the lack of observable PXRD reflections for
CeO; and superior electrochemical performance as an anode material for Li batteries.>
Synthesis of doped MOy have also been achieved via MOF templating where Yue et al.
synthesised Y-doped ZrO; for solid oxide fuel cells electrode application. A bimetallic MOF
(Zr,Y-Ui0O-66) underwent pyrolysis followed by calcination to yield Y-doped ZrO,. The
authors hypothesised that, firstly, ZrO, and YOz are formed in a carbon matrix and then react
to form the doped metal oxide.>? Applications that require porous, mixed or doped metal oxides
material, such as electrodes, may take advantage of the controlled morphology and elemental

distribution that MOF-templating route offers.

1.1.2.2. MOF-derived catalysts

Inorganic heterogeneous catalysts are another class of functional materials that greatly
benefit from synthetic methods that provide superior morphology and composition control.
Given that traditional heterogeneous catalysts are usually composed of M° and MOx moieties,
the use of MOF-derived catalysts is flourishing area. Even though MOFs themselves can be
used as catalysts, their low chemical and thermal stability limit their application and

recyclability (as discussed in section 1.1.1). Catalytically active M° or MOy species are

* Powder X-ray diffraction
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commonly supported in porous supports in order to avoid sintering of the particles whist
allowing diffusion of reactants. These supports include porous C, silica, alumina, zeolites, etc.
Below, some examples of C-supported and carbon-free catalysts are presented.
1.1.2.2.1. Carbon-supported MOF-derived catalysts

MOF-mediated synthesis of C-supported M°, MOy and/or metal carbide catalysts is
usually achieved via pyrolysis of the parent MOF. Kim et al. firstly tested pristine HKUST-1
as an excellent catalyst for the aerobic oxidation of primary alcohols, however, the Cu-MOF
displayed signs of degradation affecting its recyclability. On the other hand, pyrolysis of
HKUST-1 (Ar, 800 °C, 6 h) lead to a stable Cu@C catalyst, which displayed conversions of
over 90% for aerobic oxidation. After a number of runs, the catalyst could be regenerated at
800 °C under an inert atmosphere to achieve the original catalytic performance.>® The same
MOF was used as template for Cu/Cu.O supported on porous carbon. In this example, the
amount of C was increased by synthesis of a phenolic polymer within HKUST-1 prior to its
pyrolysis. The final composite of Cu/Cu.0@C had ~60 wt% C and was used as a catalyst for
the reduction of 4-nitrophenol to 4-aminophenol by NaBHs. The MOF-derived Cu catalyst
displayed higher catalytic performance than other Cu-based catalysts with turnover rate
comparable to Au-based catalysts. This improved activity is believed to be combination of high

loading of Cu (33 to 38 wt%) with small particle size (40 nm) supported on porous carbon.>*

The MOF-templating synthesis method can also assist with tuning the catalysts by
doping the carbon matrix and synthesising alloy nanoparticles.>® For example, Long et al.
decomposed mixed metal MOFs with linkers containing N and C to produce alloy nanoparticles
supported on graphitic C doped with N. They observed high activity of these mixed-metal
catalysts compared to single metal equivalents. The controlled-size alloy nanoparticles (20 nm)

were contained in a shell of graphitic carbon doped with N. The supported Co-Ni alloy
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nanoparticles were tested for a range of transfer hydrogenation of nitriles achieving high

conversions throughout.>®

Metal carbides can also be produced via pyrolysis of MOFs. Pyrolysis of Fe-BTC
yielded iron carbide embedded in microporous carbon, where the Fe loading and size of FesC
nanoparticles of Fe in the final catalyst could be reduced by impregnation of the parent MOF
with furfuryl alcohol. The catalytic performance of this catalyst was superior to several reported
catalysts.>” Molybdenium carbides (MoCy) have been prepared from mixed metal MOFs®® or
from the synthesis of MOFs in the presence of molybdenum-based polyoxometalates.>® Both
materials showed promising results for application as electrocatalysts for hydrogen evolution

reaction.

Lastly, MOF-derived metal oxides embedded in porous carbon (MOx@C) can be
modified to improve its catalytic properties. The following example shows the use of several
steps to fine-tune the chemistry of the final catalyst, whilst retaining the nanoporosity and metal
distribution resultant from the MOF-templating method. Molybdenum phosphide embedded in
porous carbon was synthesised in 4 steps: chemical vapour deposition of UiO-66 with MoOs,
pyrolysis of MoOs/UiO-66 to yield MoO./ZrO.@C; acidic leaching of ZrO, with HF@g)
resulting in MoO.@C; and finally, MoO.@C is reacted with PHz to form MoP@C. The
MOF-derived catalyst exhibited high catalytic activity for hydrogen evolution reaction due to

the small nanoparticles accessible via the porous matrix.®

Pyrolysis of MOFs can yield a range of C-supported catalysts including metal, metal
oxides and metal carbides. In addition, rational design of the final catalyst can be achieved by

functionalising the parent MOF or via chemical treatment of the derived material.
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1.1.2.2.2. Carbon-free MOF-derived catalysts

Catalysts derived from MOFs can also be synthesised via calcination (one or two-steps),
this route will generate MOy free of carbon, as described in section 1.1.2.1.2. In this section,
more complex designs of MOF-templates that have yielded sophisticated catalysts are

presented.

Doped metal oxide catalysts can be synthesised using a mixed metal MOF-template.
For instance, a porous catalyst consisting of K-doped CeO. was synthesised from the
calcination of a Ce and K mixed-metal MOF (Ce:K = 3:1). The MOF-derived catalyst was used
for oxidation of 0-xylene and compared to another K-doped CeO: synthesised via precipitation
method. The MOF-templated catalyst displayed catalytic activity far superior than the control
catalyst, as a result of the nanoparticulate morphology and effective embedding of K™ within
CeO crystals.!® Another advantage of using MOFs as catalyst precursors is the possibility of
controlling the elemental distribution in 3D. In a crystalline MOF, the location of the inorganic
nodes is fairly accurate and functionalisation of the linkers allows the insertion of a secondary
metal at defined locations within the MOF (Figure 2C, D). Therefore, the precursor will have a
defined spacing between the different metals, which can lead to a great dispersion of the metals
in the final catalyst. For this reason, Abney et al. prepared a mixed-metal MOF via post-
synthetic metalation of the chelating sites of Ce-UiO-67-BIPY with Cu?* and after calcination
obtained CuO/CeQ; catalysts for CO oxidation with a high level of Cu dispersion.®
Impregnation of a MOF with a secondary metal precursor (Figure 2E) is another strategy to
tailoring the composition of the templated catalyst. As illustrated by the calcination of
W-impregnated UiO-66, which produced WO,/ZrO, with high surface acidity and high

catalytic activity for the acetalisation of benzaldehyde.5?

In addition to thermal treatment, other methods have been applied for the templating of

catalysts using MOFs. Starting with a mixed metal MOF, ZnCo-ZIF, Lan et al. were able to
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produce three different catalysts by changing the templating conditions: calcination of the
ZnCo-ZIF, yielded ZnO-CosO4; sulfurisation in liquid phase, yielded ZnS-CoS®; and
calcination followed by phosphorisation was carried to synthesise Zn:P>-CoP. The MOF-
templated materials were doped with Pt and tested for water splitting, displaying enhanced
photocatalytic activity for hydrogen evolution.®® Precursors combining MOFs and metal oxides
are another route to tailor properties of the derived materials. For example, core-shell
nanoparticles of hematite embedded in TiO. were synthesised by coating Fe-MIL-101 with
TiO2 prior to calcination. The MOF-derived photocatalyst doped with Pt had a synergistic effect
on the photocatalytic activity for hydrogen evolution under visible light, whilst the separate

oxides were not active under those conditions.%*

1.1.3. Overview and challenges for MOF-derived materials
MOFs have emerged in the past two decades offering the opportunity for the rational
design of materials at nanometric scale. MOFs and their derivatives have shown improvement
in material performance for a range of applications. Interest in MOF-derived materials is
evident by a number of very recent reviews focusing in MOF-derived materials for applications
in electrochemistry®>-% and catalysis.*” %6 ¢9-"! These reviews offer several more examples of
materials obtained from MOFs, categorising them by application,5-6%:68 71 nature of the derived

material,®*"° metal species,*” ° and preparation techniques.®’

Thermal treatment has been identified as the most common method to carry out
MOF-templating, and it is performed either in inert atmosphere (pyrolysis) or in oxidising
atmosphere (calcination). As a general rule, pyrolysis of MOFs results in porous carbon or in
carbon-supported nanoparticles of M°, MOy or MCy, whereas calcination leads to the synthesis

of MOx nanoparticles (Figure 3). Pyrolysis followed by calcination, as a two-step method, also

8 Carbon quantification for these samples is not available.
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leads to the synthesis of MOy nanoparticles. Even though differences in the final materials by
direct and two-step calcination are not clear, at least one example shows that the two-step
thermal treatment, i.e. pyrolysis followed by calcination, leads to higher surface area MOx
nanoparticles.>® Porous carbon can also be prepared by leaching the metals out of MOF-derived
M%/MOx@C. Interestingly, few reports have studied MOF-templating via thermal treatment in

H. gas’>"® and the effect that reducing conditions may have in MOF transformation is not clear.

Reduction
(H, and high temp)

»‘"

Leaching ® & (

Porous carbon M%MO,/MC,@C MO,

Figure 3: MOF-templating methods and the resulting materials. In general, pyrolysis of MOFs will
produce metal, metal oxide and/or metal carbide nanoparticles embedded in carbon (MY/MO/MC@C).
Porous carbon can be synthesised from a MOF via direct pyrolysis or via pyrolysis followed by acidic
leaching of the embedded metal species. Direct calcination or pyrolysis followed by calcination of the
MOF results in metal oxide nanoparticles. Interestingly, the derived materials frequently retain the
parent MOF topology. Thermal treatment in highly reducing conditions, i.e. in high concentrations of

H> gas, have not been largely explored.
Apart from the advantages of using MOFs to produce inorganic nanomaterials, all
reviews above mentioned*” 87 have highlighted the current limited knowledge of the

MOF-templating mechanism as a limitation in the synthesis and properties of the final material.

Efforts to address this issue are exemplified by the use of in situ TEM and XRD with hot-stages
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to observe in real-time the pyrolysis of a Ni-based MOF into Ni@C. The MOF-derived catalyst
displayed high catalytic activity for the reaction of 4-nitrophenol (4-NP) to 4-aminophenol
(4-AP) with NaBHa. The researchers observed the annealing of Ni nanoparticles, which became
larger with increasing temperatures until they started detaching from the carbon matrix above

600 °C. This observation led to optimisation of the catalyst synthesis conditions.”

Shen et al. have also raised their concern with MOF-derived catalysts been limited to
liquid phase reactions whilst there is also potential for application of these materials in gas
phase reactions.®® Gas phase reactions may equally benefit from controlled nanoparticle size,
porosity, and elemental dispersion of these nanomaterials, as shown for the Fischer-Tropsch
reaction.>” "> Demonstrating the opportunity for the development of catalysts for important gas

phase industrial processes by MOF-templating.

The field of research on MOFs and MOF-derived materials is highly interdisciplinary,
as it involves organic chemistry, structural characterisation (e.g. Powder X-ray diffraction),
surface chemistry, and application specific knowledge (e.g. catalysis or electrochemistry). One
of the limitations identified during this research is the lack of protocols for characterisation and
testing of MOFs and MOF-derived materials. Characterisation of the materials can be
frequently found to be incomplete and non-MOFs controls may not be presented for the
application investigated, resulting in an incomplete understanding of the MOF-templated

materials. This is pronounced by the novelty and popularity of the field.

1.2. Renewable H> conversion

To address climate change, shifting the global economy away from fossil resources is
essential. Fossil resources are largely applied as fuels for transportation, electricity generation

and in the synthesis of chemicals. Examples of fossil derived chemicals are petroleum-derived
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monomers for plastics production (e.g. polyethylene), whilst another example is Hz gas, which
is an important chemical feedstock largely produced from steam reforming of fossil natural gas.
Renewables can directly replace fossil fuel-based energy and can also be employed to generate
commercially important chemicals that are currently derived from the fossil fuel industry, such

as Ho.

1.2.1. Energy

In the energy scenario, renewable sources are increasingly contributing to the global
energy production. In Australia, renewables generated 17.3% of electricity in 2016, with the
highest contribution from hydro (7.3%) and wind (5.3%).”® In South Australia, renewable
energy is largely harvested and accounts for 41.2% of the locally generated electricity (34.7%
wind and 7.5% solar) with gas and coal complementing it with 36.4% and 20.9% respectively.”’
However, the intermittent electricity generation from renewable sources hinders its full
potential and has caused the increasing demand for renewable energy storage systems and
processes.’® Energy generated in excess to demand at a given moment can be stored and later

be made available when demand of energy is higher than the generation.

Renewable energy can be stored in batteries, as gravitational energy (pumped
hydroelectricity) or in chemicals, for example.”® Batteries have great electricity storage
potential however limited availability of their components at battery-grade purity levels is
anticipated to limit their applications.2® An example of renewable energy storage in chemicals
is using renewable electricity (solar or wind) to electrolyse water into H, and O2; H> can then

be stored and used as a clean fuel or as feedstock.®

A high volumetric energy density is a desired to facilitate storage and transportation of
fuels. Hydrogen gas has a high specific energy (141.8 MJ/kg)®, however its low volumetric

mas density (0.08 kg/m®)® results in a very low volumetric energy density (0.0113 MJ/L).
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Increasing H2 gas volumetric mass and energy densities requires high pressures (e.g. 800 bar)
or extremely low temperatures, as liquid H, exists below -252 °C. 8 In addition, H has a wide
explosive and flammability range (4 to 75 vol% H in air).8> All these inherent properties of H,
make it difficult to be stored and transported, therefore causing it to be an impractical fuel for
many applications. Storage of H. by interaction with materials,®* including MOFs,*? have
greatly improved the volumetric storage density. Considering these advances in storage of Ho,
a transition to a hydrogen economy would require significant upgrade of the distribution and
storage currently in place. Alternatively, Hz can be converted into synthetic natural gas via CO»
methanation using CO; captured from air. In the renewable energy scenario, this process is
known as Power-to-Gas (PtG).26-%9 Walker et al. compared PtG to a number of energy storage
systems, including H. fuel and batteries, and outlined the following advantages of synthetic
natural gas from PtG systems:*

e Compatibility with existing natural gas infrastructure, e.g. distribution grids,

electricity plants, motors, etc.;
e Safer storage and transportation compared to pure Hy;
e Storage for long periods of time and transportation without significant energy loss;

e Flexibility to generate electrical energy or to be used as mobility fuels;
e Higher energy density.

In order to integrate PtG to a renewable energy scenario, improvements in catalysts
technology for CO. methanation reaction may be necessary. These include higher conversion
of Hz, higher selectivity to methane (the main component of natural gas), and low operation

temperature and pressure, for example.

1.2.2. Chemicals
As previously discussed, fossil-derived H> is an important feedstock for chemicals,
particularly for ammonia synthesis. Ammonia is an important commodity for agriculture and

mining, fixation of dinitrogen is achieved through the energy demanding Haber-Bosch process.
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The reaction takes place over iron or ruthenium based catalysts, at pressures ranging from 100
to 300 bar and temperatures from 300 to 500 °C.%! It is estimated that 2% of the global energy
is used for the production of NHs.%? Currently, Hz used in ammonia synthesis is obtained from
steam reforming of natural gas, which is considered a non-expensive source for H.. The side
product of steam reforming, carbon monoxide, is then transformed into CO. via water-gas shift
reaction before being released into the atmosphere. The large global demand for NHz for
fertiliser production, for example, makes this process a major source of fossil-derived CO>

emissions, estimated to contribute about 2.5% of the global emissions.®2

Synthesising renewable H, is considerably more expensive than steam reforming,
consequently the cost to produce NHs will be escalated. Therefore reduction of costs in NH3
synthesis processes are crucial for the transition to a renewable-based economy. The
development of new, more active catalysts may be the key to cost reduction by reducing the

energy requirement (temperature and pressure) and improving the process conversion.

1.3. Methods for catalyst investigation
1.3.1. High-throughput experimentation
Catalysts are critical for our economy, as over 80% of chemical processes involve at
least one catalytic step.®® They are also complex materials, therefore, understanding the reaction
mechanism in heterogeneous catalysis and precisely defining active sites is often challenging.

Hence empirical studies are crucial for catalyst development and optimisation.

High-throughput (HT) experimentation has its origins related to combinatorial
chemistry. Both combinatorial chemistry and HT experimentation are well developed methods
in biochemistry,® a field in which these terms are often used interchangeably. However,

combinatorial chemistry consists of the rational design and preparation of libraries of samples,
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whereas HT experimentation is the systematic and simultaneous testing of a large number of
samples. Typically, HT experiments will involve parallel testing of samples providing data for
multiple samples under uniform conditions in a short period of time. As heterogeneous catalysts
are often multicomponent materials (combining active metal, support, and promoters),
naturally, combinatorial chemistry and HT experimentation have been incorporated in catalyst
research for evaluation and optimisation of these components.®® %97 In addition to chemical
composition, heterogeneous catalysts are also sensitive to variables such as morphology

(resultant of preparation method), reaction conditions and time.

Catalyst development with high-throughput methodology can be separated in three
stages: primary screening, optimisation, and scale-up.® % The first stage consists of a parallel
screening of samples to identify potential catalysts. The second stage will comprise validation
and optimisation of the catalysts identified in the previous stage. At this stage, variables such
as composition, synthesis methods, reaction conditions and stability are optimised in a number
of HT-experiments. The third stage involves scaling up of the optimised catalyst, testing at pilot

plants and further developments for its commercialisation.

This work focuses on the use of HT-experimentation for the optimisation of catalysts.
The catalytic tests were performed in a 48-channel catalyst testing rig with parallel fixed-bed
microreactors (Figure 4). The MOF-templated catalysts discussed in this work underwent
validation and optimisation experiments using this HT catalyst testing rig. The parallel testing
allowed the comparison of a number of samples with different composition and in replicate,
while comparing to benchmarks and other controls to validate the observed data. In addition,
long-term stability tests of over 200 hours were performed simultaneously for all samples. By
using microreactors, we were able to test tens of milligrams of each sample, significantly
decreasing the financial investment to synthesise a large number of variant samples, otherwise

impossible at the gram scale.
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Reactive gas mixture
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(GC analysis of individual reactors)
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Figure 4: Illustration of 48-channel HT catalysis testing rig used in this work. The microreactors are
evenly fed with the reactive gas mixture, but are divided in three temperature-independent blocks.

Effluent gases are analysed using a gas chromatograph.

1.3.2. Powder X-ray diffraction (PXRD)
Powder X-ray diffraction (PXRD) is a technique based on the constructive interference
of monochromatic X-rays and atoms of a crystalline material. The atoms in a crystalline
structure are arranged in (hkl) planes regularly spaced (d-spacing) and scattered X-rays will

present constructive interference if the incident angle and d-spacing satisfy Bragg’s Law:*°

2-d-sin(f) =n-21 (Eq. 1)
Where:

e dis (hkl) interplanar spacing (d-spacing);

e 0 is diffraction angle;

e n s diffraction order (n = integer);
e Ais X-ray beam wavelength.

The incidence of a monochromatic X-ray beam on a polycrystalline solid will result in
a diffraction pattern of intensity versus diffraction angle (20). This pattern contains peaks with

features such as position, intensity, width and shape, in addition to a background. These features
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can be analysed and correlated to composition, structure and instrument involved in the analysis
as indicated in Table 1. Regarding sample information, PXRD patterns can be used for phase
identification by fingerprint analysis, in which reflection positions and relative intensities are
matched with the pattern of a known structure using databases; in addition, peak width can
indicate the crystallite size of a phase. In a multiphase sample, the relative intensities of a phase
are indicative of the amount of this phase in the sample and can be quantified via full pattern
analysis methods (Appendix 1). Finally, the pattern background contains information about

disordered phases, e.g. amorphous phases, present in the sample or in the environment.

Table 1: Relation of pattern features with analysis information, structural source and possible

instrument interference.

Pattern Information from Sample related Instrument and experimental
feature analysis factors factors
Fluorescence; Air scatter;
Background Diffuse scattering Disorder; Detector noise;
Local structure Sample holder
Qualitative phase Unit cell Wavelength;
Peak position analysis; dimensions; Zero point error;
Lattice parameters Macro-strain Sample height

Quantitative phase

Amount of phase;
Atomic coordinates;

Amount of sample;

. ! Temperature Lo
Intensity analysis; ) Lorentz-polarisation;
factors; ; .
Crystal structure S and others diffraction factors
Absorption;
Site occupancies
Peak profile Size of crystallites; Dlﬁractometgr ggometry,
. . - L Slit sizes;
(width and Sample broadening Micro-strain; .
Type of detector;
shape) Defects

X-ray source

PXRD analysis does not require sample preparation or specific environment, and
samples can be analysed at varying temperature and in controlled atmosphere, making it a great
technique for in situ analysis. In situ PXRD analysis allows the study of a sample under
simulated process conditions, in catalysis, it can allow the observation of a phase transition that
a catalyst may undergo during activation and under reaction conditions, providing a better

understanding of the active phase and its formation.
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1.4. Research questions and aims

This project set out to investigate catalyst synthesis mediated by metal-organic
framework templates. The research questions underlying this research are:
e Can metal nanoparticles be synthesised via MOF-templating in a Hz-containing
atmosphere?
e Can MOFs assist in the synthesis of high-performing catalysts for gas phase
reactions?

e What is the mechanism of MOF-templating?
e How do MOF components affect the final catalyst?

The following chapters of this thesis describe the investigation of MOF-templating for

heterogeneous catalysts for CO, hydrogenation and NHs synthesis reactions.

Rhodium metal is known to be an active catalyst for CO, hydrogenation, morphology
and dispersion control should be considered for the synthesis of high performing Rh° catalysts.
Therefore, MOF-templating was evaluated as a new synthesis route for Rh® nanoparticles.
Chapter 2 investigates the MOF-mediated synthesis of catalysts in a reducing atmosphere with
H> concentrations of 5% and 80%. To ensure controlled dispersion of the Rh precursor in the
template, a Mn-based MOF containing one third of its linkers with free chelating sites was
selected as a template. Post synthetic metalation of these sites with Rh'* species provided a
homogeneous distribution of Rh throughout the template. The pristine MOF (MnMOF) and its
Rh-metalated versions (MnMOF-Rh) were subjected to CO; hydrogenation conditions, 350 °C
and 4 bar ina flow of 80% H. and 20% CO.. This highly reducing condition caused the collapse
of the framework samples: MnMOF-Rh produced Rh® nanoparticles of controlled size, the
nanoparticles formed a porous mesh around larger crystals of MnO, MnCOs and other salts;
whilst MNMOF formed MnO crystals embedded in a N-containing amorphous carbon phase.
In addition, in a separate experiment, MNMOF and MnMOF-Rh were treated at 350 °C in

5% Ha/Ar atmosphere. The samples derived from the reduction in 5% H, displayed
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intermediate characteristics between the template MOFs and the templated catalysts.
Comparison of the MOFs with the samples derived from treatment in 5% H> and the templated
catalysts provided insights into the templating mechanism. Notably, Rh was found to assist with

the removal of the organic linkers to produce the final catalysts.

The successful synthesis of metal nanoparticles of controlled size reported in Chapter 2
provided the basis to explore other catalytic systems. Accordingly, in Chapter 3 a
MOF-templated Ru®%/ZrO, catalyst is reported. The catalyst was derived from a Ru®*
impregnated Zr-MOF, since Ru is known to be a highly active metal for CO, methanation and
ZrO; is also known to be a good catalyst support material. The catalyst was templated under
CO2 hydrogenation conditions, 350 °C and 4 bar in a flow of 78% H, and 22% CO,, and
displayed remarkable conversion of reactants and selectivity for methane production.
Interestingly, Ru* directly impregnated on ZrO; displayed inferior performance compared to
the MOF-templated catalyst. Characterisation of the system demonstrated that the
MOF-templated catalyst was composed of nanocrystals of ZrO. nanocrystals decorated with
Ru® nanoparticles. The excellent morphological control provided by the MOF-templating

underpinned the high performance of the catalyst.

Chapter 4 examines the templating mechanism of Ru%ZrO; catalyst described in the
previous chapter. The phase transition from MOF into the templated catalyst was studied in an
in operando PXRD experiment. The collapse of the MOF formed an amorphous phase which
crystallised into ZrO; at higher temperatures. In addition, catalytic performance was evaluated
by the analysis of the effluent gas composition and indicated no methane production for the
amorphous phase and increasing production during the formation of ZrO,. This chapter also
demonstrates that the Ru® NPs on the MOF were present in an amorphous phase and that heat
treatment of the template MOF in 5% H/Ar produced crystalline RuO2 with poor catalytic

performance. The effect of MOF components on the templating of the catalyst was studied by
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testing and characterising samples derived from template MOFs with different linkers, Ru

loadings, impregnated metals and MOF node.

To evaluate the MOF-templating technique for a different gas phase reaction, Chapter 5
expands the MOF-templating route described in the previous chapters for the production of
catalysts for ammonia synthesis reaction. MOF-templated catalysts Ru/ZrO, and Ru/CeO, were
evaluated for ammonia synthesis alongside a commercial Fe-based catalyst. The
MOF-templated catalyst Ru/CeO> was activated under NHs synthesis conditions, at 400 °C and
10 bar in a flow of 75%H> and 25%N, and studied for lower pressures in parallel with Ru-based
non-MOF controls. The MOF-templated catalyst displayed remarkable activity at 30 and 50
bar, outperforming a benchmark catalyst by producing higher amounts of NHs per mass of Ru.
This exemplifies the potential of MOF-templating under reducing conditions to obtain highly

active catalysts owing to the synthesis of metal nanoparticles of controlled size.
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2.1. Summary

Rhodium is a catalyst of interest for a range of reactions, including CO> hydrogenation. The
research presented in this chapter investigates MOF-templating of a Rh%-based catalyst under
reducing conditions. To the best of our knowledge, this is the first report of a Rh material
derived from a MOF. A manganese based MOF was selected for this study as it contains linkers
with available chelating sites for the Rh' precursor to bind. The MOF-templating route was
studied for the pristine MOF and its Rh-metalated variant under different concentrations of H.
and time periods (5% Hz/Ar for 4 h and 80%H2/CO: for 90 h). The different treatments resulted
in different templating stages: template MOF, partially decomposed MOF and MOF-templated
catalyst. Characterisation of these samples provided insights into the templating mechanism,

and the role that the secondary metal, Rh, plays in the MOF decomposition.
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2.2. Abstract

Manganese-based MOFs differentially metalated with Rh were used as sacrificial
templates for Rh° nanocatalysts for CO, hydrogenation. The MOF-derived catalysts were
templated in situ (80% H2 and 20% CO, 350 °C) and displayed CO- conversion of up to 20%
single-pass, with CH4 as the main product observed. The used catalysts were compared to
samples templated in 5% Ha/Ar at 350 °C using powder X-ray diffraction, electron microscopy,
energy dispersive spectroscopy, and X-ray photoelectron spectroscopy. The in situ MOF-
templated catalyst consisted of a mesh of Rh nanoparticles supported on crystals of MnO or
MnCOs, dependent on the composition of the post-synthetically metalated MOF. In the absence
of Rh, the MOF-templating yielded MnO nanoparticles embedded in an amorphous carbon
phase doped with N. The samples derived from reduction in 5% H displayed characteristics of
both the parent MOF and the MOF-templated catalysts, representing an intermediate phase.
Characterisation of the samples reveals that formation of Rh® nanoparticles under a reducing
atmosphere assisted with the removal of the MOF organic components, which allowed growth

of MnO or MnCOj3 and the in situ formation of a mesh of catalytic Rh® nanoparticles.

2.3. Introduction

Heterogeneous catalysts are widely applied in chemical industry. Their facile separation
and robustness make them more attractive for industrial applications than homogeneous
catalysts. However, understanding the catalytic reaction mechanisms can be challenging as
identification of catalytically active sites and reaction the intermediates is required.’* Active
sites typically compose a small fraction of the overall surface area of a catalyst, thus catalyst

optimisation aims to increase the surface density of these sites. Therefore, synthesis methods
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that provide control over chemical composition and structure may facilitate (i) identification of
active sites and (ii) increasing the surface density of active sites. Metal nanocatalysts are
synthesised via physicochemical methods with attention to clusters size, morphology and
available surface area.>® However, developments of new synthetic approaches for catalytic
materials with better composition and morphology control is desired to achieve long lasting and
high performing catalysts.” Recently, MOF-mediated synthesis has been demonstrated as a

potential new route for efficient catalysts.

Metal-organic frameworks (MOFs), are a class of porous materials made of inorganic
nodes connected via organic linkers.® The large library of organic linkers and metal nodes
available affords a vast number of possible structures.'®*! Furthermore, the properties of MOFs
can be tailored by the rational selection of these components. In addition, the functionality of
synthesised MOF materials can be tuned by post synthetic modifications (PSM) techniques
such as, covalent attachment, linker/cation exchange or addition of a secondary metal.*?*3 A
significant body of research has focused on the gas capture,*'® separation,!” and catalytic
properties of MOFs.'8 Indeed a recent development in the area of MOF chemistry has been to
use their porous networks as self-sacrificing templates'®2® to yield uniquely structured materials
for electrochemical®® and catalytic®® 2* applications. Among the highly active MOF-templated
catalysts reported are composites of metal, metal oxides and porous carbon.?’° In these
examples, the high activity of the MOF-derived catalysts has been attributed to factors, such as
excellent control of secondary metal dispersion in the derived catalyst?”, nanoparticle size
control,® and good nanoparticle dispersion on support.?® The control provided by
MOF-templating is hypothesised to be a consequence of the uniform spacing of inorganic and
organic subunits in the template.”® The underlying mechanism is not well understood, but
insights into the mechanism lead to catalyst synthesis optimisation.®® Normally, the parent MOF

is treated at high temperature in inert atmosphere (pyrolysis) or in air (calcination) to yield the
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templated inorganic material.?% 22 26 |n general, pyrolysis of a MOF produces metal or metal
oxide nanoparticles embedded in carbon whereas calcination yields metal oxide nanoparticles
alone. Of the limited examples where MOF-templating was carried out under a reducing
atmosphere, Hy, the synthesis of metallic nanoparticles has been reported.33? Metallic
nanoparticles are employed in several catalytic reactions, such as oxidations, hydrogenations,
and C-C coupling, which can greatly benefit from the control of nanoparticles dispersion, size
and morphology.®> " This led us to investigate the effect of reducing conditions in the synthesis

of metallic nanocatalysts via MOF-templating.

Rhodium metal nanoparticles can be used as catalysts for both oxidation®® and
hydrogenation reactions,3" including CO, hydrogenation.>’® Strategies to synthesise Rh°
nanoparticles of controlled size include the use of solid supports, surfactants or polymeric
stabilisers.®® 4041 To the best of our knowledge, MOF-templating method has not been explored

for Rh materials.

Here, we explore the use of a Mn-based MOF, which can be post-synthetically
metalated (PSMet) with Rh at precisely defined sites, as a template for a nanostructured Rh
catalyst. The Rh-metalated MOF was thermally treated under CO> hydrogenation conditions
(80% H/CO; at 350 °C) to produce the MOF-templated Rh® nanocatalyst ““in situ”. We use
X-ray diffraction, electron microscopy, energy dispersive spectroscopy, and X-ray
photoelectron spectroscopy to provide insight into the templating mechanism of this novel
material and compare structure to control samples. Our data indicates that the presence of Rh
in the MOF facilitated the decomposition of the organic linkers and, thus afforded the removal
of carbon and nitrogen under reducing conditions. This resulted in crystals of MnO or MnCO3

distributed in a mesh of Rh? nanoparticles of 6 to 9 nm in size.
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2.4. Experimental methods
2.4.1. Synthetic procedures

MnMOF(1) The organic ligand bis(4-(4’-carboxyphenyl)-3,5-
dimethylpyrazolyl)methane (H,L) was synthesised according to Bloch, et al.*? 1 was
synthesised by solvothermal synthesis reported by Bloch et al.** In a typical synthesis, the
organic ligand (63.2 mg HL) and the Mn salt (49.9 mg MnCl,:4H20) were dissolved in a
mixture of DMF (8 mL) and water (4 mL). The solution was kept static at 100 °C for 24 h. The
white precipitate formed was washed with DMF (5 x 20mL). The MOF structure was verified

by PXRD.

Post-synthetic metalation (PSM) of 1 was achieved by soaking 1 in anhydrous
acetonitrile with excess of di-pu-chloro-tetracarbonyldirhodium(l) (1-Rhy) or with both di-p-
chloro-tetracarbonyldirhodium(l) and sodium tetrafluoroborate (1-Rh-BF4) (Figure 1). After 48
hours, the solution was decanted and the PSM MOFs were washed with anhydrous acetonitrile

(7 x 20mL CH3CN) and dried under a stream of Ar.
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Figure 1: Scheme of post synthetic metalation of 1. The linker (H.L) has a bidentate bis-(3,5-
dimethyl-pyrazolyl)methane coordination site. In 1, one out of three di-pyrazole moieties are available
chelating sites, with the remaining di-pyrazole moieties chelating the Mn nodes. The metalation of
these sites with [Rh(CO).Cl]. yielded 1-Rh, and 1-Rh-BF4 (right), depending on the reaction

conditions as illustrated above.

2.4.2. Catalysis testing

Catalysis testing was performed in a multi-channel testing rig with parallel fixed-bed
microreactors using a method described in detail in Lippi et al.** Each MOF (15 mg of 1,
18.8 mg of 1-Rh-BF4 and 18.7 mg of 1:-Rh;) was mixed with SiC (50 mg) and loaded into a
different microreactor. In addition, a reactor filled with SiC (100 mg) was used as a negative
control. The catalysis experiments started with a 30 min drying step, under Ar flow (1 ml/min
per reactor) at 220 °C and 1 bar, to remove any solvent guest molecules within the MOF pores.
Subsequently, a reactive gas mixture (2.9 mL/min per reactor, 71.4 vol% H>, 17.9 vol% CO.,

and 10.7 vol% Ar) H2:CO» = 4:1 was flowed through the reactors and activation was performed
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at 4 bar and 350 °C (Condition A). To evaluate the effect of space velocity, the flow of the
reactive gas mix was increased to 4.7 mL/min per reactor (74.6 vol% H2, 18.7 vol% CO-, and
6.7 vol% Ar) H.:CO, = 4:1, while keeping the temperature and pressure constant (Condition
B). Flow was set back to match activation flow (2.9 mL/min per reactor, 71.4 vol% H,, 17.9
vol% CO., and 10.7 vol% Ar) and catalysis testing was then performed at a lower temperature,
250 °C (Condition C). Lastly, the first reaction conditions (Condition A) were re-established in

order to determine the stability of the catalyst and identify any hysteresis (Condition D).

Effluent gas composition for each individual reactor was analysed using an online gas

chromatograph with He as carrier gas.

2.4.3. Controlled atmosphere thermal treatment

The samples 1, 1-Rh; and 1-Rh-BF4 were loaded into quartz crucibles. The crucibles
were placed inside the quartz tube of a tube furnace with three hot zones, each zone
independently controlled by a 1/16 DIN temperature controller (Watlow, USA). The
temperature of each zone was calibrated prior to the experiment. The ends of the quartz tube
were connected to in-house built gas connections. The upstream end was connected to the feed
gas line and the downstream end was connected to an oil bubbler. One set of samples was
treated in pure N2 and another set in 5 vol% Ha in Ar. All samples were treated at 350 °C for

4 h under continuous gas flow.

2.4.4. Powder X-ray diffraction

PXRD experiments were carried out at the Powder Diffraction Beamline at the

Australian Synchrotron. A Mythen microstrip detector®® was used for data collection.

Ex situ analysis: The samples were loaded into special glass 0.7 mm wide capillaries

(The Charles Supper Company, USA). The capillary was kept rotating during acquisition for
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better averaging of reflections. The beam energy during data acquisition was 16 keV (Figure 3)

and 15 keV (Figure 4) with current of 200 mA.

In situ analysis: For the experiments performed under a controlled atmosphere and
variable temperature, the samples (1 and 1-Rh-BF4) were loaded into open-ended special glass
0.7 mm wide capillaries (The Charles Supper Company, USA) glass wool was used to contain
the powder within the capillary while allowing gas to flow. The capillary was kept oscillating
during acquisition for better average of reflections. A hot-air blower positioned below the
capillary was used for temperature control. A capillary holder adapted for controlled
atmosphere experiments was connected to a gas manifold allowing the selection of gas. The
beam energy during data acquisition was 17.9 keV with a current of 200 mA. The sample was
first heated at 5 °C/min to 200 °C under Ar flow, then the gas flow was switched to a mixture

of CO2:H2 = 1:3. The temperature profile for each sample is indicated in Figure 5.

2.4.5. Rietveld refinement

Phase identification of the collected patterns were obtained via the use of search and
match algorithm in X’pert Highscore Plus (PANalytical, the Netherlands). The obtained phases
were quantified via Rietveld refinement based quantitative phase analysis*® using Topas V5

software.*’

2.4.6. Transmission electron microscopy (TEM)
Samples were suspended in ethanol and deposited on carbon-coated copper TEM grids
and allowed to dry. Grids were examined in a Tecnai 12 G2 TEM (FEI, The Netherlands),

operating at 120 kV, and images were recorded with a MegaView 111 CCD (Olympus, Tokyo).
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2.4.7. Scanning electron microscopy (SEM) and energy dispersive spectroscopy
(EDS)

The samples loaded on TEM grids, as previously described, were placed ona SEM stage
and examined using a Zeiss Merlin FESEM (Field Emission Scanning Electron Microscope)
operated in the secondary electron (SE) mode and back-scattered mode (BSE). Energy
dispersive spectroscopy (EDS) was used to identify elements present within the samples. The
EDS system used was AZTEC, manufactured by Oxford Instruments Pty Ltd. An accelerating
voltage of 15 kV was used for EDS mapping. The scale bars in the images are indicative of the

magnification used.

2.4.8. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis was performed using an AXIS Nova
spectrometer (Kratos Analytical Inc., Manchester, UK) with a monochromated Al Ka source at
a power of 180 W (15 kV, 12 mA) and a hemispherical analyser operating in the fixed analyser
transmission mode. The total pressure in the main vacuum chamber during analysis was
typically between 10-9 and 10-8 mbar. Survey spectra were acquired at a pass energy of 160
eV. To obtain more detailed information about chemical structure, oxidation states etc., high
resolution spectra were recorded from individual peaks at 40 eV pass energy (yielding a typical

peak width for polymers of 1.0 eV).

Samples were filled into shallow wells of custom-built sample holders. Each specimen
was analysed at an emission angle of 0° as measured from the surface normal. Assuming typical
values for the electron attenuation length of relevant photoelectrons the XPS analysis depth
(from which 95 % of the detected signal originates) ranges between 5 and 10 nm for a flat
surface. As the actual emission angle is ill-defined for rough surfaces (ranging from 0° to 90°),

the sampling depth may range from 0 nm to approximately 10 nm.
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Quantification: Data processing was performed using CasaXPS processing software
version 2.3.15 (Casa Software Ltd., Teignmouth, UK). All elements present were identified
from survey spectra. The atomic concentrations of the detected elements were calculated using
integral peak intensities and the sensitivity factors supplied by the manufacturer. Binding
energies were referenced to the main C 1s peak at 284.8 eV. The accuracy associated with
quantitative XPS is ca. 10% - 15%. Precision (i.e. reproducibility) depends on the signal/noise

ratio but is usually much better than 5%. The latter is relevant when comparing similar samples.

2.5. Results and discussion
The synthesis MNMOF (1) and its post synthetic metalation (PSM) with [Rh(CO).Cl]z

to yield 1-[Rh(CO).][RhCI>(CO).] (1-Rhy) were performed as described in our previous
work.*>“¢ The inorganic nodes of 1 are composed of Mn trimers, which are coordinated by both
the carboxylate and di-pyrazole moieties of L (Figure 1). Due to the stoichiometry of the metal
node one third of all the organic linkers (L) in 1 presented free di-pyrazole moieties (Figure 1).
These free sites are available to chelate transition metals via PSM. In the case of PSM with
[Rh(CO)2Cl]2 (1-Rhy), single crystal diffraction indicated occupancy of these sites greater than
90%.% In this report, the replacement of the cis-[RhCL(CO).]" anion by BFs; to vyield
1-[Rh(CO)2]BF4 (1-Rh-BF4) was carried out to decrease the loading of Rh' in the framework to
provide a single Rh' atom per available chelating site, as opposed to two found in to 1-Rh..
Evaluation by IR spectroscopy indicated the successful displacement of the counter-ion
cis-[RhCI>(CO).] in 1-Rh-BF4 (Figure S2). Figure 1 provides a graphical representation of the
structure of the MOFs tested in this work: 1, 1-Rhz and 1-Rh-BF4. The resulting overall loading

of Rh in the MOFs is approximately 11 wt% and 6 wt% for 1-Rh, and 1-Rh-BF4, respectively.

Rh and Ru are noble metals known to be very active for CO, hydrogenation.5 37: 39 44

We recently reported the MOF-templating of a highly active Ru catalyst for CO, methanation,
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which presented controlled nanoparticle size and distribution over the support.** Therefore, we
hypothesised that MOF-templating could also afford the synthesis of Rh nanoparticles of
controlled size. In this report, 1 is selected as the template due to the homogeneous distribution
of Rh that can be achieved through metalation of the chelating sites. Accordingly, 1, 1-Rh, and
1-Rh-BF4 were examined as precursors for producing CO> hydrogenation catalysts. Each of the
MOFs were transformed into active catalysts under CO. hydrogenation reaction conditions;
350 °C and 4 bar under a flow of 80% H> and 20% CO; at 350 °C and 4 bar (i.e. CO>
hydrogenation reaction conditions, Figure S5). Therefore, 1-used, 1-Rhy-used, and
1-Rh-BF4-used will be applied to identify the in situ produced catalysts that are continuously
tested over 90 h. For each sample, a gradual change in catalytic performance was observed over
the first 25 h. We attribute this to the structural transition from the PSM MOF into the active
catalyst. The two Rh containing samples initially displayed a maximum production of CHa,
18 mmol.mint.gmor™ (4 hours) and 16 mmol.mint.gmor™ (8 hours) for 1-Rh-used and
1-Rh-BF4-used, respectively, which decreased thereafter (Figure 2). The CH4 production was
accompanied by Hz and CO- (Figure 2), which is strong evidence that methane was a product
of COz hydrogenation and not a result of the decomposition of the organic linkers. 1 and SiC
were also tested as a controls and displayed negligible activity. The significantly lower CHa
production, indicates that that 1-used was inactive for the CO> hydrogenation and that Rh is a

necessary component of the active catalyst.
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Figure 2: Space time yield (left) and reactant conversion (right) for the different precatalysts tested in

parallel for CO, hydrogenation. The different testing conditions of temperature and total gas flow as
indicated by the letters A to D (top). Catalysis testing of 1, 1-Rh-BF4, 1-Rh,, and SiC (blank reactor) at

4 bar.

After activation and an initial deactivation period (Figure 2,Figure condition A), the

catalysts displayed stable conversions for the duration of the experiment, 90 h (Figure 2). The

Rh-containing samples displayed higher CH4 production, however, 1-Rh,-used produced

approximately double the amount of CH4 per gram of MOF than 1-Rh-BFs-used (Figure S6),

this difference can be correlated to Rh loading of the precatalysts, 11 and 6 wt% respectively.

Divergent products (CH4, CO, C3Hs, CsHe) selectivity between 1-Rhy-used and 1-Rh-BF4-used

(Figure S7) suggest that the differences between the MOF-derived catalysts in not only

dependent upon the amount of Rh and is potentially related to other phases formed during the

templating process.

The presence of different crystalline phases in each sample was determined by

Rietveld-based quantitative phase analysis*® on powder X-ray diffraction (PXRD) data of the
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used catalysts (Figure 3 and Table 1). The remaining material was examined by XPS and
SEM/EDS experiments. The catalyst 1-Rh-BFs-used displayed a complex composition,
containing cubic Rh?, trigonal MnCOs3, Na salts, and at least one unidentified phase with a large
unit cell as observed by the difference curve. The International Centre for Diffraction Data
(ICDD) database was used for the search of possible phases which would be in agreement with
the unidentified phase(s) without success. Considering the nature of the other identified phases
and the peak profile, a low-ordered multi-component phase (possibly Mn, Na, F, Cl, O, Rh, C,
and/or N) is hypothesised to be the source of those reflections. The presence of Na salts is
explained by the poor solubility of NaCl in acetonitrile. This results in the incomplete removal
of NaCl, a by-product from the reaction of NaBFs with the Rh dimer within the framework. A
simpler composition was observed for 1-Rhy-used, with cubic Rh® and cubic MnO in the used
catalyst. Silicon carbide (SiC) was also present in the diffractogram, as it was mixed with the
catalyst as diluent for the performance testing, and was a remnant in the isolated sample. It is
evident that the composition of the precatalyst affects the final catalyst composition and,

therefore, its catalytic properties.
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Figure 3: Experimental PXRD patterns (black) for the MOF-derived catalysts. The Rietveld refined
pattern is shown in red and the difference curve in grey for the Rh-containing samples. The patterns
offset below the diffractograms are the calculated patterns for the phases listed. Quantitative phase
analysis results are listed in the legend. Analysis of the catalyst derived from 1 indicated the retention
of the low angle peaks from the MOF and the presence of reflections of MnO (inset).

The diffractogram of the control sample, 1-used, showed low angle reflections
suggestive of the planes (0 0 1) and (1 1 0) of the pristine MOF even after prolonged time on
stream. However, these reflections in 1-used had broadened substantially and displayed
decreased intensity consistent with a significant loss of crystallinity and partial collapse of the
MOF. In addition, low intensity reflections of MnO were identified in the wide angle region
(Figure 3). This indicates that in the absence of Rh, the MOF undergoes partial decomposition

under reaction conditions, forming a relatively small amount of MnO crystals, as observed from

the low intensity peaks.
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The difference in Rh loading of the two template MOFs was reflected in Rietveld-based
quantitative phase analysis (QPA). Rh°® amounts for the derived catalysts 1-Rhy-used and
1-Rh-BF4-used were determined to be 40 wt% and 22 wt% respectively (excluding diluent
SiC). The broad peaks for Rh° reflections is a result of the small crystallite sizes in this phase,
which are in average 10 nm, as measured via TEM. Volume weighted column height or
apparent crystallite size (Lvol-1B) was also calculated via Rietveld refinement.*® The MOF
templating route yielded Rh nanoparticles with an apparent size of 6 and 8 nm for 1-Rh,-used
and 1-Rh-BFs-used, respectively. For both MOF-templated catalysts, Rh° nanoparticles were
substantially smaller than the other particles. For example, the apparent size of MnO in
1-Rhz-used, was 90 nm. For 1-Rh-BFs-used, the apparent size of MnCOs was 32 nm and the
Na salts were in the range of 20 to 200 nm (Table 1). The control 1-used presented MnO crystals
with apparent size of 64 nm; these crystals were smaller than the crystals generated in the Rh
containing sample, 1-Rh,.

Table 1. Quantitative phase analysis (QPA) and volume weighted column height (Lvol-1B) calculated

via Rietveld refinement.

Template MOF| 1-Rh-BF4 | 1:-Rh, 1
Phase Rietveld QPA (wt%)
/Apparent crystallite size Lvol-IB
RK 22% 40% i
8.3 nm 6.4 nm
60% N/A
MnO i 90 nm | 64 nm
24%
MnCOQOs3 32 nm - -
23%
NaCl 213 nm i i
0,
NaMnF; 8198 n/?n - -
13%
NaF 21 nm i i

The majority of MOF-templated materials are synthesised via calcination in air or under

an inert atmosphere at temperatures ranging from 300 to 1000 °C. The temperature of treatment

51



Results and discussion CHAPTER 2

is selected to exceed the thermal stability of the MOF, obtained via thermogravimetric analysis
(TGA) in inert atmosphere or in air.2?% 26 The template MOFs 1, 1-Rh, and 1-Rh-BF;
displayed thermogravimetric stability up to 400 °C in N2 (Figure S3). In this study the
MOF-templating step occurs at a temperature below the thermal stability in N2 (350 °C),
however the presence of Hz (80% H2 and 20% CO) can affect the MOF stability. Accordingly,
to evaluate the effect of the atmosphere composition in the templating of the catalyst, samples
of 1 and 1-Rh-BF4 were treated ex situ at 350 °C under an inert (N2) and reducing atmosphere
(5% Ha in N2). The resulting samples (with added labels “N.” or “5%H,”) were characterised

and are compared to the MOF-derived catalysts below.

Pyrolysis of MOFs 1 and 1:Rh-BF4 produced amorphous samples (Figure 4); NaCl was
present in the metalated MOF as noted above, and was not formed during pyrolysis. In contrast,
under a mildly reducing atmosphere (5% H>), the resulting samples (1-5%H: and 1-Rh-BFs-
5%H>) displayed low angle peaks which are in agreement with the planes (0 0 1) and (1 1 0) of
1. This indicates that the samples heat-treated in 5% H> retained some structural features of the
original MOF structure. No new phase was formed in 1-5%H>, whereas Rh° nanoparticles were
formed in 1-Rh-BFs-5%H.. Aside from Rh° nanoparticles, no other phases previously observed
for 1.-Rh-BFs-used were present. These Rh® nanoparticles had the same phase, cubic-Rh°, as
the ones formed during catalysis testing (1-Rh.-used and 1-Rh-BFs-used) but were smaller in
apparent size (Lvol-1B = 5.3 nm). As Rh° nanoparticles were not produced via pyrolysis, these

samples were not further analysed.
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Figure 4: PXRD patterns of 1-Rh-BF,4 as-synthesised and samples resulting from the thermal
treatment of 1 and 1-Rh-BF, samples (Rh° Lvol-IB 5.3) nm. Samples reduced (red) and calcined (blue)
as indicated by the legends.

In situ MOF-templating of the catalyst was investigated in temperature and atmosphere
controlled PXRD experiments. In these experiments, the phase transitions of 1 and 1-Rh-BF4
were observed while subjecting these samples to simulated CO hydrogenation reaction
conditions: drying in 100% Ar flow from room temperature to 200 °C; followed by a flow of
75% H, and 25% CO- and temperature ramp to 350 °C (Figure 5). The crystalline structure of
1-Rh-BF4 was stable during the drying step, and abruptly collapsed on exposure to
H»-containing gas mixture at 200 °C. At 350 °C, increased intensity was observed in the region
corresponding to Rh? reflections revealing the formation of the Rh nanoparticles (Figure S9).
The sharp peak around 14° 26 was identified as a reflection from NaCl, a by-product of the
PSM step. Following the collapse of the MOF, this NaCl reflection displayed increasing
intensity due to further growth of these crystals. Upon reaching 300 °C, the intensity of NaCl
reflections start to decrease, possibly due to formation of NaMnFz and NaF, phases observed
in 1.-Rh-BFs-used. Other phases present in 1-Rh-BFs-used were not observed, thus indicating
that they may only form after a prolonged exposure (10-25 h) to reactive gases (time restrictions
when using the synchrotron source prevented further examination). The crystallinity of the

control sample 1 was retained throughout the extended period of exposure to Ar and CO>
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hydrogenation conditions (H2 + CO), indicating that the presence of Rh in the template MOF

was required for the fast collapse of the structure under catalytic conditions.
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Figure 5: In situ PXRD study for 1-Rh-BF4 and 1. The 3D plots present the intensity (z axis) versus
diffraction angle (x axis) for each data set (y axis). The heat maps display a different perspective of the
dataset looking down the intensity axis. The different colours indicate different intensities according to

the legend. The temperature at each dataset is shown on the bottom charts, in addition, the change of

atmosphere is displayed on the heat maps as well as on the temperature charts. The structure of 1-Rh-

BF. collapsed as soon as the atmosphere was switched to the reactive gas mix, the shift of the green

colour in the final datasets around 18° and 32° 20 highlight the formation of Rh° at 350 °C (see Sl for
comparison). Non-metalated 1 was stable throughout the whole experiment. Reactive gas mixture

(75% H. and 25% CO>). Experiment performed at synchrotron photon energy of 17.9 keV.

The morphology of the MOF-derived samples produced after catalysis testing (used

samples) and after tube furnace reduction (5% H>) were studied by TEM (Figure 6), SEM and
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EDS (Figure 7). The catalyst 1-Rh-BFs-used consisted of a mesh of Rh nanoparticles in the
range of 6 to 15 nm (histogram in Figure S10) among larger crystals of varying sizes ranging
from 30 to 300 nm. Interestingly, at lower magnification it was possible to observe that these
crystalline composite meshes retained the shape of the much larger original plate shaped
monoclinic MOF crystals, another sign that the MOF served as a sacrificial template.** EDS
mapping confirmed that the nanoparticles were composed of Rh and that the larger crystals

were in agreement with the phases observed in the diffractogram, i.e. MnCOz and Na salts.

1-Rh-BF, - used 1-Rh-BF,-5% H, 1 - used 1-5% H,
™ o Bl |

Figure 6: Transmission electron microscopy of the samples derived from 1 and 1-Rh-BF, after

catalysts tests (“used”) and after reducing treatment (“5% H."). In the first two columns, Rh
nanoparticles are distinguished by the darker colour due to the electron density of Rh. Scale bars are

indicative of the magnification.
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Figure 7: Scanning electron microscopy and energy dispersive spectroscopy maps of metalated
samples used: following catalysis testing, and 5% H: following reduction in a tube furnace.

The sample 1-Rh-BFs-5%H> had smaller Rh nanoparticles, from 3 to 12 nm (histogram
in Figure S10), embedded in larger lower electron density porous particles, which we
hypothesise is a porous C doped with N amorphous matrix. EDS mapping confirmed that the
high dispersion of Rh exists in the carbon-rich phase. This reduced sample, 1-Rh-BFs-5%H>,
displays characteristics of an intermediate material between the template MOF 1-Rh-BF4 and
the activated catalyst 1-Rh-BFs-used, where the Rh nanoparticles are being formed, but the
MOF linkers are not fully decomposed and Mn crystalline phases, e.g. MnO and MnCOs, are

absent (Figure 8).
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Figure 8: Simplified illustration of the structures of 1 and 1-Rh-BF; after heat treatment in 5% H, and
after CO; hydrogenation catalysis testing.

As for the non-metalated MOF (1), small medium electron density crystals embedded
in N-doped carbon were present in 1-used (Figure 6 and 8). The crystals had been identified in
PXRD as MnO derived from the aggregation of the Mn trimers in 1 (Figure 3). Lastly, 1-5%H>
consisted of low electron density micrometric particles, and no crystals or nanoparticles
embedded within those particles were observed. This was in agreement with PXRD analysis

that showed a partial loss of crystallinity, but no other crystalline phase formed.

The surface of the template MOFs (1 and 1-Rh-BF4), the reduced samples and the used
catalysts (Figure 8) were analysed by XPS. Firstly the elements on the surface are quantified
and discussed, followed by a detailed analysis of the binding energy of Mn 2p, Rh 3d, N 1s
using high resolution spectra. The six samples are compared to investigate whether the reduced
sample is a possible intermediate state of the MOF-templating process and to better understand

the mechanism of this transformation.

Surface elemental quantification by XPS for the template MOFs and MOF-derived
samples from reduction in 5% H> and used for CO, hydrogenation catalysis testing are

displayed in Table 2. For the metalated MOF 1-Rh-BFs, a loss of 14 at% of carbon from its
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surface was observed after catalysis testing, indicating that the used catalyst still presents a
significant amount of adventitious carbon. In particular, the surface of Na salts (NaCl, NaF and
NaMnF3) appear to be largely covered by carbon, considering surface characterisation (XPS)
versus bulk characterisation (PXRD). In contrast, N contained in the parent MOF linkers is
completely absent in the used catalyst, evidence of the complete decomposition of the organic
linkers. As a result of the linker decomposition, other elements which were in the interior of the

MOF become exposed and display higher relative amounts, e.g. Mn.

Table 2: Quantitative elemental analysis by X-ray photoelectron spectroscopy for the MOFs and

MOF-derived samples.

Atomic % | 1-Rh-BF4 | 1-Rh-BFs-5%H, | 1-Rh-BFs-used 1 1-5%H. 1-used?
C 72 73 62 74.8 74.7 73.0
N 10 9.5 0 9.9 9.7 7.3
Mn 2.62 3.5 6.8 2.8 3.8 5.2
0 11.7 114 18 11.54 11.5 13.1
Rh 0.78 1.17 6.4 - - -
Cl 0.3 0.43 0.65 0.1 0.1 0.2
Na 0.13 0.08 1.63 0.11 - 0.1

1.7 0.35 2.2 - - -
B 0.37 0.41 2.3 0.12 - 0.4
Si - - - 0.39 0.24 0.6
S 0.32 - - 0.16 - -

®Normalised data (details in SI)

The sample 1-Rh-BFs-5%H; derived from heat treatment of 1-Rh-BFs in 5% H>

displayed a lower amount of exposed Rh (1.2%) than 1-Rh-BFs-used (6.4%) but a higher
amount than its precursor 1-Rh-BF4 (0.78%), indicating an intermediate state between the MOF
as-synthesised and the used catalyst. The compositions of C, N, Mn and O remain unchanged
when comparing 1-Rh-BF4 and 1-Rh-BF4-5%H: providing evidence that the synthesis of Rh
nanoparticles occurs as a first step, which then assists in the catalytic decomposition of the
organic linkers. Analysis of the bare MOF supports this theory as there is only a small difference

in the element composition among 1, and the samples derived from reduction (1-5%H>) and
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catalysis treatment (1-used). Nitrogen quantification was 9.9, 9.7 and 7.3% for 1, 1-5%H>, and
1-used, respectively and even after 90 h on stream only 26% of the N is lost in the absence of
Rh. Mn quantification indicates an increase in surface Mn, possibly due to the formation of

MnO crystals close to the surface.

Analysis of the high resolution XPS spectra clarified the state of the surface elements
of the MOFs (1 and 1-Rh-BF,) at different stages of decomposition (as-synthesised, reduced in
5%H> and used). Starting with Mn, a strong satellite peak for Mn 2p relative to the main peak
was observed for both 1 and 1:-Rh-BF4 (Figure 9). Resolved satellite peaks on the high binding
energy side of the Mn 2p®? peak is consistent with MnO references.>>2 However, the overall
peak shape and the intensity of the satellite peak relative to the main peak differs from reference
Mn oxide materials. The distinctive peak shape is attributed to the unique local environment of
the Mn in the MOF framework, where the Mn trimer is coordinated by O and N from the organic
linkers. Satellite peaks for Mn oxides have been reported to arise from shake-up processes®
that occur as a result of photoelectrons that lose energy through the promotion of valence
electrons from an occupied state to a higher unoccupied level.>® It is reasonable to assume that
in the case of 1 and 1-Rh-BF; this shake-up results in unusually intense satellite peaks due to
the coordination of the Mn node by the chelating di-pyrazole moiety. Therefore, the presence
of the shake-up for Mn 2p is indicative of the coordination of the inorganic node by the organic
linkers and provides strong evidence for the presence of the MOF structure. After reduction of
the MOFs, a minor increase in the intensity of the satellite peak for 1-5%H and 1-Rh-BF:s-
5%H> was observed when comparing to the samples prior to reduction. The relative fraction of
intensity for the satellite peak for each spectra was determined using component fitting, with
the ratio of this peak for 1-5%H, w.r.t. 1 being 1.15, and for 1-Rh-BF4-5%H: w.r.t. 1-Rh-BF4
being 1.17. This minor increase can be attributed to a cleaner surface of the material after the

reduction treatment. Thus despite the partial loss of crystallinity observed with PXRD, the
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inorganic nodes are still likely coordinated by the organic linkers in a disordered structure. In
contrast, after catalysis testing, the satellite peak intensity for the Mn 2p peak is reduced for
1-Rh-BF4-used, due to the formation of MnCOs, with an intensity ratio of 0.71. Further, the
lack of N signal for 1-Rh-BFs-used indicates the complete removal of the di-pyrazole moiety
from the surface. The satellite peak is reduced further for 1-used, with relative intensity ratio of
0.24 w.r.t. 1, and whose spectral envelope becomes similar to oxide forms such as MnO. This
confirms that long term testing of 1 for CO, hydrogenation caused the formation of MnO on

the surface and loss of the Mn trimer present in the original MOF.

Mn 2p

a)

e

1-Rh-BF,-5%H,

Intensity (cps)

L

1-Rh-BF ;-used

660 855 850 645 840 635 880 855 850 845 840 835
Binding Energy (eV) Binding Energy (eV)

Figure 9: Selected, representative high resolution Mn 2p spectra of 1 and 1-Rh-BF. (a) after heat

3/2

treatment in 5% H. (b) and after CO. hydrogenation catalysis testing (c). Fitting of the Mn 2p™* peak

was undertaken using standard GL(30) components. Red component accounts for intensity in region
associated with a satellite peak.
For the Rh containing samples, 1-Rh-BFs-used contains a significant fraction of Rh°
based on the component fitting of the Rh 3d peak (Figure 10), whereas the sample reduced in a
tube furnace, 1-Rh-BF4-5%H>, can be fit with three doublets of roughly equal proportions (i.e.
Rh%, Rh'and Rh'). The low binding energy doublet is associated with Rh°. The remaining two

doublets are assigned to Rh' and Rh'"', where Rh' is Rh bound to the linker as shown in Figure 1,
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and Rh'"" is Rh still bound to the linker but oxidised due to exposure to air at the surface (these
are not representative of the bulk material). Both Rh oxidation states were identified in the
original report of this MOF by Bloch et al. using single-crystal X-ray diffraction (SCXRD).*?
Combined with the Rh® observed, this can be interpreted as the presence of both Rh
nanoparticles and of Rh binding to the linker. Lastly, for 1-Rh-BF4 as-synthesised, the high
binding energy doublet dominates the spectrum, in agreement with a large amount of Rh

binding to di-pyrazole moieties.

Rh 3d

a)
1-Rh-BF,

=

1-Rh-BF,-5%H;

Intensity (cps)

L

1-Rh-BF ,-used

320 3175 315 3125 310 3075 305
Binding Energy (eV)

Figure 10: Selected, representative high resolution Rh 3d spectra of 1-Rh-BF4 (2) after heat treatment
in 5% H; (b) and after CO, hydrogenation catalysis testing (c). The red doublets were assigned to Rh’,
blue for both Rh' and Rh,03, and green for Rh""" (S1). From the first report of this MOF by Bloch et al.,
both Rh' and Rh'"" were identified by SCXRD,* where Rh"' was formed from the oxidation of Rh',
Peak assignments for Rh' and Rh""' from the literature were used for peak assignment as detailed in
Table S4.

For the parent samples 1 and 1-Rh-BF4 and reduced samples, 1-5%H, and 1-Rh-BFs-
5%H>, the high resolution N 1s spectra could be fit with the model ligand components (as
described in Sl) at approximately 399.5 eV and 401.1 eV (Figure 11). Comparing the MOFs

with the reduced samples, the higher binding energy component MC2 has increased in intensity

relative to MC1. In addition, MC1 has shifted to a lower binding energy position consistent
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with the original di-pyrazole moiety. This is still present with considerable intensity, in
agreement with the surface decomposition of a fraction of the organic ligands and with the
preferential decomposition of the ligands bridging the Mn nodes. The templated catalyst 1-used
required a modification of the fitting components, where the spectrum is dominated by a peak
at 398.8 eV. The higher binding energy contributions have significantly reduced, but still
comprise a considerable amount of overall N in the sample, indicating that the ligand has likely
decomposed, and N has now formed a different phase. Lastly, N is not detected for 1-Rh-BFs-
used indicating that not only has the ligand is decomposed, but N has been completely removed

from the structure during the catalysis tests.

Nis

a)

e

1-Rh-BF,-5%H,

Intensity (cps)
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L
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Figure 11: Selected, representative high resolution N 1s spectra of 1 and 1-Rh-BF. (a) after heat
treatment in 5% H; (b) and after CO. hydrogenation catalysis testing (c). Fitting of the N 1s peak for
all samples except (c) was undertaken using a model component based on experimental data,
specifically data collected from the H,L linker presented in Figure S13c. The blue component at lower
binding energy (MC1) is assigned to the linker flanked by two Mn nodes in the MOF while the higher

binding energy component (MC2) in red represents the ligand coordinated with Mn.
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2.6. Conclusions
In this study we describe the use of Rh-metalated Mn-MOFs as templates for Rh°

nanoparticles. The MOF-templating occurred under highly reducing conditions (80% H> and
20% CO- at 350 °C), as opposed to commonly used pyrolysis and calcination methods. To the
best of our knowledge, this is the first report of MOF-derived Rh material. The MOF-derived
nanoparticles were applied as catalysts for CO hydrogenation. The chemical composition of
the template MOF influenced the composition of the active catalyst and the chemical selectivity
obtained. The catalyst derived from 1-Rh; had the simplest composition, Rh® nanoparticles and
MnO microcrystals. In comparison, the addition of the counter-ion BF4™ in the template 1-Rh-

BF4 resulted in a catalyst with Rh° nanoparticles, MnCOs and other Na-phases.

The thorough characterization of the samples by PXRD, electron microscopy and XPS
allowed us to understand the MOF-templating mechanism for this MOF-derived catalyst. As
illustrated in Figure 8, Rh? is formed by reduction of the Rh atoms within the metalated MOF
in the presence of H, gas. These Rh® nanoparticles dispersed in a porous C-matrix then assist
with the decomposition of the organic ligands, due to Rh° hydrogenolysis properties,>>° until
the final catalyst is composed of a 3D mesh of Rh nanoparticles, MnCO3z or MnO and other
salts depending on the counter-ion. In the absence of Rh, the reducing treatment does not affect
the MOF significantly; loss of crystallinity is observed after reduction, but the organic ligands
and the Mn atoms are not substantially reacted and display similar properties to the as-
synthesised MOF. However, long term exposure to CO2 hydrogenation reaction conditions
caused the full decomposition of the framework, as the final material has substantially lost both
crystallinity and the binding state of the elements. Interestingly, the catalyst derived from 1 was
composed of MnO crystals embedded in an amorphous phase containing both C and N. As such
a phase is not observed in the Rh-containing catalyst, this result provides further evidence that

the Rh hydrogenolysis properties facilitate the removal of these elements. Understanding the
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mechanism of MOF-templating in H> may permit the synthesis of different metallic

nanoparticles of controlled size for numerous applications, including catalysis.
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A. Experimental methods

A.1 Materials

All materials were used as provided by the manufacturer, unless stated otherwise. Di-
u-chloro-tetracarbonyldirhodium(l) ([Rh(CO)2Cl]2) 97% Sigma Aldrich (Australia), sodium
tetrafluoroborate (NaBF4) 98% Sigma Aldrich (Australia), Manganese(ll) chloride (MnCl.)
98% Sigma Aldrich (Australia), N-N-dimethylformamide (DMF) 99.8% Merck Pty. Ltd.
(Australia), anhydrous acetonitrile (CH3CN) max. 0.005% H,O Merck Pty. Ltd. (Australia),
Silicon Carbide (SiC) 99% 300-355 um Beijing HWRK Chem Co., Ltd. (China). Water was
deionized by reverse osmosis. All gases used were supplied by Coregas (Australia) including
custom made mixtures: nitrogen (N4); Argon (N5); Helium (N5); Hydrogen (N5); 25%
carbon dioxide with hydrogen balance; and 2.52% ethane, 2.82% ethene, 2.53% acetylene,
2.44% methane, 2.48% carbon dioxide, 2.53% carbon monoxide, 2.51% hydrogen with argon

balance, 5% hydrogen with argon balance.

A.2 Thermogravimetric analysis (TGA)

Samples were loaded into Al,Oz crucibles and evaluated using a Mettler Toledo TGA
2. The samples were heated to 800 °C at 10 °C/min under N2 purge gas at 30 mL/min. The
sample was allowed to equilibrate at 25 °C in N2 before the analysis, this section is not shown

in the thermogram.
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B. Supporting results

B.1 MOF Characterization

Intensity (a.u.)

Figure S1: PXRD of 1-Rh-BF, with Cu radiation.
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1900 1700

Wavelength (cm-)
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Figure S2: IR spectrum of 1-Rh-BF.. The displacement of the counter-ion [Rh(CO).Cl,] by [BF4] in

the MOF is confirmed by the presence of only two major peaks in the region from 2200 and 1900 cm"

1 In contrast, the presence of the counter-ion [Rh(CO).Cl,]" in 1-Rh; contributes to a total of five

different absorption wavelengths in this region.*
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Figure S3: Thermogravimetric analysis of 1, 1-Rh-BF4 and 1-Rh; in N2 (40 mL/min). Both MnMOF
(1) and its post synthetically metalated versions display high thermal stability up to 400 °C. From 100

to 400 °C MnMOF (1) loses 7 wt% and both 1-Rh-BF. and 1-Rh; lose 17 wt%.
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Figure S4: N, adsorption isotherm for 1-Rh-BF4 and 1-Rh,.
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Table S1. BET surface area results. The low surface area for 1-Rh-BF4 is explained by
the presence of NaCl crystals (by-product of the counter-ion exchange) likely blocking some

of the pores.

Sample BET surface area
P (m?/g)
1-Rhy 581.5
1-Rh-BF4 276.6
B.2 Catalysis results
coz+4H2'§‘ 'é‘coz+4H2
Y Y
MOF

Activation period
350 °C, 4 bar t MOF-derived catalyst
(1 used, 1-Rh-BF, used,
1-Rh, used)

(1, 1-Rh-BF, or 1-Rh,)

Fixed-bed reactor.--- >
i COp+H,+
;CHA, +CO +H,0

Figure S5: Scheme of in situ catalyst activation. Fixed-bed microreactor loaded with MOF (left) and

MOF-templated catalyst (right) activated under reaction conditions, i.e. in situ.
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Figure S6: Comparison of average CH4 production for 1-Rh-BF4 and 1-Rh,. A lower production rate
of CH, is observed for the sample where the counter-ion [Rh(CO)Cl;]" has been displaced. In

condition D 1-Rh; produces approximately double the amount of CH,4 than 1-Rh-BF4.
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Figure S7: Space-time yield in logarithmic scale for the different precatalysts tested in parallel for
CO; hydrogenation (Figure 2). Scale used to display with clarity the presence of products in trace

amounts.
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Figure S8: Example of chromatogram of effluent gas from 1-Rh-BFs-used. The authors note that the
presence of C2 products could not be evaluated due to the proximity of their retention time with CO>
and water, which were present in high amounts in the gas effluent. However, the presence of C3 is

clearly visible.
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B.3 XRD

Rh?
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Figure S9: Comparison of XRD patterns from datasets 18, 30 and 50 of 1-Rh-BF, in situ XRD
experiment (Figure 5). Intensity increase is observed around 19° and 32°, where Rh° reflections are
expected, indicating the formation of Rh° nanoparticles. The shift of other peaks is due to thermal

expansion as temperature varied in the course of this experiment.

B.4 TEM nanoparticle sizing
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Figure S10: Histogram of Rh° nanoparticles size distribution 1-Rh-BF4-5%H, and 1-Rh-BF4-used.
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B.5 EDS mapping

1-Rh-BF 4;-used 1-used

SE image EDS Layered Image 9 SE image
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Figure S11: SEM and EDS element maps for 1-Rh-BF. and 1 after catalysis testing (used).
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1-Rh-BF 4-5%H, 1-5%H,
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Figure S12: SEM and EDS element maps for 1-Rh-BF, and 1 after reduction in 5%H..
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B.6 X-ray photoelectron spectroscopy

B.7 Elemental quantification

Table S2: XPS elemental composition.

Atomic composition (%) + standard deviation
1 used
Elementsy MNnMOF 0 . 1-Rh-BF4- | 1-Rh-BF4
(1) 1-5%H2 (norm)allzed 1-Rh-BF4 506H?2 used
7483+ | 7472«

C 0.01 0.29 73.0 72.1+£0.21 |73.14 £ 0.37| 62.06 £ 0.14
N 9.93+0.28/9.7 +0.06 7.3 9.99+0.3 |9.51+0.58 -
Mn [2.85+0.08(3.76 + 0.27 5.2 2.62 +0.02 | 3.51 +0.07 | 6.76 £ 0.39
0 | X 115£001) 131 |117+006(1141+0.1618.04£0.11
Rh - - - 0.78 +0.03 | 1.17 + 0.07 | 6.42 £ 0.08
Cl 0.1+0 |0.1+£0.01 0.2 0.3+0.01 |0.43+£0.01| 0.65+0.04
Na 1(0.11 +0.06 - 0.1 0.13+0.08 |0.08 +0.01 | 1.63 +0.29
F - - - 1.72+0.08 {0.35+0.09 | 2.15+0.41
B 10.12+0.06 - 0.4 0.37 +£0.04 |0.41 +0.06 | 2.31+0.23
Si 0.39+0 |0.24 £0.04 0.6 - - -

S 10.16+0.01 - - 0.32 +0.08 - -

Table S3: Data collected for 1-used and normalization to remove excess of SiO, contaminant. 2

Estimated

value

Elements (Eiclfﬁz?n 1 used
(atomic | 1 used g (Normalize
%) excess of d)
Si0»)
45.78 +
C 0.47 45 73.0
N 454 +0.33 4.5 7.3
Mn |3.18+0.01 3.18 5.2
33.22 +
(@] 011 8.1 13.1
Rh - - -
Cl 0.14 +0.01 0.14 0.2
Na [0.04 +0.02 0.04 0.1
F - - -
B 0.27+0.14 0.27 0.4
) 12.85 + a
Si 0.12 0.4 0.6
S - - -
total 98.98 61.63 100.0
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B.8 High resolution spectra
Rh 3d
Fitting of the Rh3d peak was undertaken using a combination of Lorentizian
assimetric for Rh® and GL(30) components for the remaining contributions. A peak separation
of 4.7 eV was used for each doublet. A single component was included at high binding energy

to account for peak asymmetry that was not accounted for by the existing components.

Table S4: Rh 3d* peak positions based on fitting presented in Figure 10 and tentative peak

assignments based on literature values.

Peak position (eV) and tentative assignment for Rh 30

Sample Doublet 1 (red) | Doublet 2 (blue) Doublet 3 (green)

0 (Ref
1-Rh-BF4 307.3 5“ 308.9 | Rh(I)" 310.3 Rh(111)&
1-Rh-BF4- Rh(l)"and Rh203

307.4 | Ru® 308.4 310.3 Rh(111)&

506H2 (Ref 4)
;Egl_BFéL 307.5 |RW® | 308.3 | RhpO5®ef® 309.8 Rh(l1)*

"Rh(l) has binding energy values in the literature at 308.3 eV* and 309 eV?® for Rh,(CO),Cl, and 308.5
eV and 308.3 eV for (acrylic resin)-NC-Rh(PPh3)2CI and (acrylic resin)-NC-Rh, respectively®.
&Rh(111) has binding energy values in the range of 309.3 — 310.4 eV?
N 1s

High resolution N 1s spectra of the ligand (H2L) component of the MOF was collected
to assist with the nitrogen peak assignment. The ligand HzL is prepared via a 2 step synthesis,
starting from bis(3,5-dimethylpyrazol-1-yl)methane, iodination to give (bis(3,5-dimethyl-4-
iodopyrazol-1-yl)methane) and Suzuki coupling to give the ligand (H.L). These 3
compounds were examined and for the first two compounds, a pair of peaks are observed in
the N 1s spectra at approximately 398.8 eV (imine) and 400.4 eV (amine) with an intensity
ratio (N2:N3) of 44:56. For the third step, where a pair of benzene rings with an acid group on
either end are added and represents the ligand used in 1, both peaks are shifted to higher

binding energy (399.2 eV and 400.7 eV) (Figure S11).
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For the parent samples 1 and 1-Rh-BF4, the high resolution N 1s spectra could be fit
with two components at approximately 399.5 eV and 401.1 eV (Figure 11), representing a
further shift to higher binding energy compared to the ligand spectra (Figure S1ic).
Upshifting of N components upon coordination has been observed previously, for example for
Pd and Mn coordination of bipyridine.” However it is noted that the binding energy shift seen
here is significant compared to the original di-pyrazole spectrum, where organic N
components in the range of 401 to 402 eV would generally be associated with N+, such as
quaternary amine.®® For 1-Rh-BF4, the sample presented a shoulder on the lower binding
energy side of the spectra (398.4 eV) which would represent a small contribution consistent
with nitride. Interestingly, using the original ligand (H2L) N 1s spectrum as a model fit
component, the N 1s for both parent samples can be fit using 2 components with a ratio of
approximately 1:1. The peak position of the lower binding energy component (MC1) is
consistent with the original ligand spectrum, while the other component (MC2) is shifted by
approximately +0.7 eV. Based on this fit, the higher binding energy contribution would
represent the ligand coordinated with the Mn, while the lower binding energy contribution
would represent the ligand flanked by two Mn nodes in the MOF structure. Considering this
hypothesis,  the ratio between the two components MC1:MC2 should be 1:2, instead of 1:1.
We Dbelieve that this difference is due to either surface orientation or a different stoichiometry

on the surface of the MOF comparing to the interior.
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Figure S13: Selected, representative high resolution N 1s spectra of Bis(3,5-dimethylpyrazol-1-
yl)methane (a), bis(3,5-dimethyl-4-iodo-1H-pyrazol-1-yl)methane (b), and H.L (c). Spectra are fitted

using standard GL(30) components.
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3.1. Summary

The successful synthesis of metal nanoparticles described in Chapter 2 prompted exploration
of different MOF systems for the templating of catalytic active metal nanoparticles. In this
chapter, the use of a zirconium MOF impregnated with RuCls was explored as a template for
CO2 methanation catalysts. The final catalyst was templated under CO. methanation reaction
conditions (80% H2 and 20% CO>), and displayed remarkable catalytic activity (Xn2=96%) for
this gas phase reaction. The MOF-templated catalyst was tested alongside different controls
and demonstrated superior H. conversion and selectivity to CHa4. The structure of the final
catalyst was characterised and found to be composed of clusters of monoclinic and tetragonal
ZrO, decorated with Ru® nanoparticles. Comparison to samples with equivalent chemical
composition, demonstrates that the morphology and metal distribution achieved via the

MOF-templating process was critical for the high activity of this catalyst.
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3.2. Abstract

The conversion of CO> into chemicals of commercial interest is a rapidly expanding
area of research. Here, we present a highly active and stable CO, methanation catalyst that is
derived from a Ru-impregnated zirconium-based metal-organic framework (MOF) material.
The Ru-doped MOF is transformed, under reaction conditions, into an active catalyst which
yields CO; conversions of 96% and a CHa selectivity of 99%. We demonstrate that the final
catalyst was composed of a mixture of Ru-nanoparticles supported on monoclinic and
tetragonal ZrO; nanoparticles. Notably, such catalytic activity has only been achieved using the
MOF templating strategy. Catalysts of the same composition were synthesized via different

methods but were less active for CO, methanation.

3.3. Introduction

In the past two decades, anthropogenic carbon dioxide (COz) emissions have become a
major environmental concern. This can be attributed to the effect of atmospheric CO:
concentrations on the global climate patterns.? Accordingly, efforts from the international
community are underway to limit the increase in average global temperature to a maximum of
2 °C.% One strategy for controlling CO, emissions is Carbon Capture and Utilization (CCU).
However, for CCU to be economically viable an energy efficient processes must be developed
for utilising CO2 as a carbon source which will enable its use for producing commodity

chemicals aligned to industrial needs.*

One pathway to CO utilisation is hydrogenation to value added products.® The Sabatier
reaction (also known as CO. methanation), fully reduces CO, over a catalyst, to produce

methane which can be directly used as a fuel.® This reaction may find use in the future as part
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of power-to-gas technology where hydrogen is produced from renewable energy sources such
as wind or solar power.”® A key challenge for the realisation of this process is improvement in
existing catalyst technologies. For example, directions in this field include the synthesis of high
surface area catalysts, improving CO. conversion, minimising unwanted CO production,
addressing poor long-term catalyst stability, low methane production rates and reducing the
reaction temperatures.®** Nickel catalysts on various supports have been widely studied due to
its natural abundance and relatively low cost. However, most Ni catalysts suffer from
deactivation due to carbon deposition, sintering, and chemical poisoning.®*? Given these
limitations other metals, such as ruthenium'® have been explored as potential catalysts.
Although, Ruthenium-based catalysts are relatively more expensive, they are very stable and
known to be highly active for CO, methanation.®*! 1415 With respect to catalytic supports,
AlO3, TiO2, SiO2, CeO2 and ZrO, are most common.®% 1619 The metal-oxide support has a
significant impact on the activity of catalysts in the CO, methanation reaction. A salient
example is ZrOz, which exists in three phases: monoclinic, tetragonal and cubic. Studies have
shown that the respective phases affect CO, conversion for Ni-based catalysts.!® 1819 Indeed,
supports comprised of a combination of two ZrO. phases were shown to yield more active

catalysts.*®

Metal-organic frameworks (MOFs) are well-known for their applications in gas
absorption, molecular separation,?®?! sensors and catalysis.?® Recent reports have shown that
these materials can be used as templates to synthesise catalysts with unique morphologies.?22°
For example, Santos et al. have recently reported the synthesis of highly active MOF-derived
iron carbide catalyst for Fischer-Tropsch synthesis.?®?7 It is noteworthy that the novel structure
of the MOF derived catalyst described in this work could not be obtained by other methods.?8
Additionally, MOF-derived catalysts have also been reported for photocatalytic hydrogen

production, the reduction of nitro aromatics and for the aerobic oxidation of alcohols,
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respectively.?®3! These previous studies led us to hypothesise that a Ru-impregnated Zr-MOF
may yield a composite active towards CO. methanation. Accordingly, here we report that
infiltrating the pores of UiO-66 with RuCls gives rise to a precursor of a highly active, stable
and selective, in situ generated MOF-derived catalyst for CO, methanation at low pressure and

mid-range temperature.

3.4. Experimental
3.4.1. Catalyst precursor synthesis

The methanation catalyst precursors are defined as XRu/UiO-66, where x = 0.25, 0.5,
0.75, 1, 1.25, 1.5, 1.75 or 2 wt% of Ru on the zirconium terephthalate MOF, UiO-66. They
were synthesised by addition of RuCls into the pores of activated UiO-66 via the Incipient
Wetness Impregnation (IWI) method®? to achieve the desired loading x. Detailed method in

ESI.

3.4.2. CO. methanation reaction catalysis

The catalysts were activated in situ under methanation reaction conditions. We then
evaluated the catalytic performance of the xXRu/UiO-66 derived catalyst for CO, methanation
under different pressure and temperature conditions. In a typical experiment, 20 mg of
XRu/UiO-66 was loaded into a fixed-bed microreactor and, after an in situ drying step, the
synthesis gas mixture was flowed through the bed. The synthesis gas mixture contained either
a stoichiometric ratio of H> and CO> (H2:CO =4:1) and Ar tracer gas (Hz, 77.6 vol%; COg,
19.4 vol%; Ar, 3 vol%), or H,:CO,=3.5:1 with Ar as tracer gas (Hz, 75.44 vol%; COy,
21.56 vol%; Ar, 3 vol%). The ratios used for each experiment are indicated in the figure
captions. Throughout the experiments the temperature and pressure were controlled and

effluent gas samples were analysed by a gas chromatograph. Considering that CO; is less
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expensive and more abundant, the limiting reactant in the Sabatier reaction is Hz, which would
ideally be obtained from non-fossil-based sources. For this reason, performance was evaluated
at stoichiometric ratios of H> and CO and with a slight excess of CO.. Thus, the authors chose
to discuss performance in terms of Hz conversion. Catalyst carbon content, CH4 production and
CO. conversion were evaluated for validation of the reported H> conversion. Other details can

be found in the ESI.

3.5. Results and discussion
3.5.1. Catalyst activation

Figure 1A shows an initial increase in hydrogen conversion (Xu2) that can be attributed
to catalyst activation. During this activation period, 60% mass loss was observed (Table S3)
and mass spectrometry confirmed the loss of organic fragments from the pre-catalyst
1Ru/UiO-66 at 330 °C (Figure S14). After the activation, carbon products were derived from
CO, as the carbon content of the MOF-derived catalyst was less than 2 wt% (Figure S11). High
and stable H. conversions were observed from the MOF-derived CO> methanation catalysts. In
particular, Figure 1A indicates that activation conditions above 330 °C afford Xw. above 94%
and independent of pressure. However, 1Ru/UiO-66 derived catalysts activated and monitored
at 250 and 300 °C took 13 h to stabilize, showing Xw2 below 25% throughout the experiment.
We note that increasing the reaction pressure at 350 °C reduced the activation period but had
little impact on optimal conversion. Additionally, the catalyst showed remarkable selectivity
for methane (Scha); 99.9% at all conditions tested (Figure 2C and 2D). The only by-product

observed during this work was CO at very low concentrations (Sco < 0.1%).
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Figure 1: A) H, conversion (Xw2) during CO, methanation reactions using 1Ru/UiO 66 as the precatalyst
under different reaction conditions. Reaction conditions: 20 mg of 1Ru/UiO 66, H.:CO, = 4:1, Weight
Hourly Space Velocity (WHSV) =25 L-h 1-g 1. B) X4, at different reaction temperatures and 5 bar for
catalysts activated at 250, 300 or 350 °C. Reaction conditions: Activation at 30 bar for 22 hours, 50 mg
of 1Ru/UiO 66, H2:CO, = 4:1, WHSV = 43 L-h-1-g-1. C) Scheme of Ru/UiO 66 synthesis and in situ

transformation into the MOF derived catalyst. Atact = activation period.

3.5.2. Catalyst performance

To confirm that Ru is necessary for catalytic activity we carried out an analogous set of
experiments with pure UiO-66. Under all conditions tested no X2 was detected from this
control. In addition, we found that Xn2 was dependent on Ru loading. Figure 2A shows that
conversions above 93% were observed for loadings higher than 0.75wt% of Ru on UiO-66.
Accordingly, 1wt% Ru/UiO-66 (1Ru/UiO-66) was used for all other experiments. As a
production rate indicator, we report the Weight Hourly Space Velocity (WHSV) in Figure 2B,
which is the gas feed flow per catalyst mass unit. From an industrial perspective, it is desirable
to maximize the production of methane using as little precious metal catalyst as possible.

Therefore, a high WHSV associated with high Xn. is representative of an optimal catalyst. It is
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worth mentioning that 20 mg of 0.25Ru/UiO-66 yielded a catalyst with Xu2 of 16% (Figure 2A)
while, under the same conditions, 5 mg of 1Ru/UiO-66 provided X2 of 78% (Figure 2B).
Given that both reactors contained a total of 0.05 mg Ru these results confirm that the high
activity of the MOF-templated catalyst is not achieved simply by the absolute amount of Ru,

but depends on the structure of the catalyst.
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Figure 2: A) Hz conversions (Xw12) and C) CHa selectivity (Scha) for catalysts derived
from different loadings (x) of Ru on UiO-66. Reaction conditions: 20 mg of xRu/UiO-66,
H2:CO, = 4:1, WHSV =19 L-h*'-g?, 350 °C and 5 bar. B) Xu. and Space Time Yield for CH.
(STYcha) for the MOF-derived catalysts and D) Schas for different conditions of WHSV (gas
feed flow per catalyst mass unit), achieved using the indicated amounts of 1Ru/UiO-66 and
different gas flows. Reaction conditions: H2:CO2 = 4:1, 350 °C and 5 bar. Error bars represent

standard deviation over 40 h periods. CO was the only by-product observed.
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In order to evaluate the performance of the 1Ru/UiO-66-derived catalyst a number of
control samples were prepared (Figure 3). Ru was loaded onto several pre-made supports using
identical IWI conditions to the MOF-based precatalyst; monoclinic zirconia (pmZrQOy),
activated carbon (C), and mesoporous silica (SBA-15), to yield 1 wt% Ru loading. These
control samples were then assessed for their catalytic performance for CO, methanation
alongside 1Ru/UiO-66 and a commercially available Methanizer catalyst. We note that the
MOF-based precatalyst undergoes significant mass loss during the in situ templating of the
active catalyst. To ensure consistency, 20 mg of 1% Ru loaded on the different supports was
used so that the absolute amount of Ru was equivalent in all experiments undertaken with
different support materials. In all conditions tested, a significantly greater Xu2 was observed for
the MOF-derived catalyst (Figure 3). Furthermore, this catalyst was the most selective for
methane and inhibited formation of the by-product CO which is commonly present in CO:
methanation.®>** The catalyst’s remarkable stability over isopressure periods of 40h is
evidenced by the small standard deviation bars, Figure 3, and the consistent conversion Xuz in
Figure 1. Even after shutdown and exposure to air, deactivation was not observed for the

derived catalyst (Figure S15).
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Figure 3: Average H conversion (Xw2) and selectivity for CO (Sco) by-product for samples at 250, 330
and 350 °C (left to right) with increasing reaction pressure conditions indicated by the colored bars.
Average conversion values were obtained across isopressure periods of ~40 h. Total experiment time:
160 h. Reaction conditions: 20 mg of fresh sample as above, H,:CO; = 3.5:1, gas flow= 14.3 mL-min™.

Error bars represent standard deviation across an average of 3-4 measurements. “Tested at 270 °C.

In addition to high stability, the 1Ru/UiO-66-derived catalyst showed comparable or
better activity than high-performing CO2 methanation catalysts reported in the literature'# 1819
3336 and achieved conversions equivalent to the thermodynamic equilibrium of the Sabatier
Reaction (Figure S15). The 1Ru/UiO-66-derived catalyst can be considered superior based on
its combined performance characteristics: it requires a very small amount of catalyst to convert
COq-rich streams at high gas flows conditions, it displays stable conversion in excess of 160 h,

it is very selective for CHas, has extremely low CO by-product formation, and operates at

medium range temperatures (Figure 1B).

It is evident that the composition, in addition to the Ru loading, of the MOF-derived
catalyst underpins its exceptional activity. This was confirmed by performing studies that
showed, even at low concentrations, the presence of Ru was critical for catalytic performance;

UiO-66 with no further treatment was inactive for CO. methanation. We also investigated
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whether the catalytic activity depended on the morphology of the template, UiO-66, in addition
to the chemical composition. Accordingly, we prepared a solid mixture with the MOF
precursors: ZrCls and terephthalic acid (H.BDC) in the molar ratio present in UiO-66, and then
added RuCls to produce a sample with chemical composition equivalent to the 1Ru/UiO-66.
The catalytic activity of this sample was assessed at 350 °C and 5 bar and no methane
production or Hz conversion was detected. This provides strong evidence that the UiO-66
framework plays an important role in templating the structure of the active catalyst. This result
is in agreement with previous studies?®® and is a further demonstration that MOFs can confer

unique architectures to solid-state catalysts.

3.5.3. Powder X-Ray Diffraction

To elucidate the structure of the MOF-derived catalyst we performed a series of X-ray
diffraction (XRD) experiments. We activated and tested the 1Ru/UiO-66 pre-catalyst at 250 °C,
300 °C and 350 °C (Figure 1B) and then recorded XRD patterns representative of each
temperature after 20 and 100 hours on stream (Figure 4). Rietveld Refinement based
quantitative phase analysis of the data indicates that both monoclinic (m-ZrO>) and tetragonal
(t-ZrOz) phases of ZrO. are present with their respective ratios varying with reaction
temperature and time. However, there were no peaks that could be attributed to the presence of
a Ru® or RuO; phase. XRD reflections in diffractograms are affected by the relative amount of
a phase, crystallinity and crystallite size. The catalyst contains only 3 wt% of Ru and Ru®
nanoparticles are commonly found in an amorphous form.*”-3 Therefore, microscopy and
elemental mapping were used to investigate the Ru phase (below). The MOF-derived catalyst
activated at 350 °C yielded a greater proportion of m-ZrO- than the one activated at 250 °C. In
addition, the catalyst activated at 350 °C performed better at 250 °C than the sample activated
and kept at 250 °C. This infers a correlation between the amount of m-ZrO; present and activity

(Figure 1A, 1B and 4). Catalyst samples activated and tested at 300 and 250 °C were less active
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(Figure 1A and 1B), and contained more t-ZrO, (Figure 4). For these lower activation
temperatures, the reaction time was observed to have an effect on composition and
microstructure as well as on the conversion. This variation can be explained by the existence of
a temperature threshold for the fast decomposition of 1Ru/UiO-66 under synthesis gas flow.
Figure S14 shows the effluent composition during the activation of the MOF-derived catalyst
in a single channel reactor connected to a mass spectrometer. An increasing loss of organic
fragments was observed from 300 to 330 °C, at which point it reached a maxima, subsequently
the conversion of the reagents and the production of CHs increased drastically. To further
understand the changes in morphology under simulated reaction conditions, we performed
controlled atmosphere and variable temperature (in situ) XRD of the precatalyst. This study at
1 bar confirmed that the MOF structure collapsed at 330 °C, in agreement with the loss of
fragments observed by mass spectrometry, giving rise to an amorphous phase (Figure 5). This
disordered phase, caused by the loss of the organic linkers, crystallizes into the ZrO, tetragonal
and monoclinic phases at different rates depending on the temperature (Figure 4) to produce
the active catalyst. Thermal decomposition of UiO-66 in air*® and in N2*° atmosphere typically
produce tetragonal ZrO,. The high content of monoclinic ZrO; in the catalyst is explained by
the presence of H,O0,* which is produced via CO, methanation during activation. This
highlights the importance of the activation under reactive conditions to generate an active

catalyst.
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Figure 4: Diffractograms of MOF-derived catalysts activated at 250, 300 and 350 °C at 30 bar, after
20 h and after 100 h. Black lines indicate the collected data; red lines, the calculated profile from
Rietveld quantitative phase analysis; and green and blue lines the individual contribution of each phase

calculated by the Rietveld method (ESI). Diffractograms are offset for clarification.
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Figure 5: A) Controlled atmosphere and variable temperature (In situ) PXRD of 1Ru/UiO-66 in
simulated reaction conditions. B) Rietveld refinement scale factor versus time and temperature for
Ui0-66 crystalline phase and the resulting amorphous phase. Experimental details can be found in the
ESI.
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3.5.4. Electron Microscopy

The microstructure of the MOF-derived catalyst was studied by Transmission Electron
Microscopy (TEM) and Energy-dispersive X-ray Spectroscopy (EDS). The activated catalyst
consisted of a hierarchical nanostructure. Nanoparticles of ZrO, in the range of 10 to 20 nm, in
agreement with crystallite domain size obtained from XRD, were organized in clusters from
100 to 200 nm (Figure 6B). These clusters resembled the precursor 1Ru/UiO-66 crystals in size
and shape (Figure 6A). Smaller Ru nanoparticles (Ru NPs) in the range of 2 to 5 nm were
observed on the surface of the ZrO- particles (Figure 6C and 6D). EDS mapping infers that the
Ru NPs are homogeneously dispersed on the ZrO, surfaces (Figure 7). The observed
distribution of Ru is most likely due to the precursor MOF as a control sample of 1Ru/pmZrO;
does not show the same spatial coincidence of Ru and Zr (Figure 7). Elemental mapping at
higher magnification confirmed the presence of Ru NPs, additionally, the different spatial
location of oxygen and Ru suggests that the nanoparticles consist of elemental Ru rather than
Ru oxide (Figure 8 and S21). In summary, the microscopy data provide evidence that the
MOF-derived catalyst is composed of larger ZrO, nanoparticles (10-20 nm) decorated by

smaller Ru® NPs (2-5 nm).
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Figure 6: A) TEM of 1Ru/UiO-66 and of B) 1Ru/UiO-66 derived catalyst, the final catalyst is made of
nanoparticle clusters which resemble the UiO-66 particles. C, D) HR-TEM of 1Ru/UiO-66 derived
catalyst displaying the Ru particles (2-5nm) supported on the ZrO, particles (10-20 nm). The
MOF-derived catalyst was activated and tested at 350 °C, 30 bar for 100 h.
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Figure 7: Microscopy images including STEM, backscattered electrons (BSE) and EDS elemental
mapping of Zr and Ru for the precursor MOF, MOF-templated catalyst and Ru impregnated on pre-
made monoclinic zirconia catalyst (1Ru/pmZrO;). The elemental mapping of 1Ru/UiO-66 and the
MOF-templated catalyst exhibited a great dispersion of Ru on the ZrO; particles. This level of dispersion

was not observed for the 1Ru/pmZrO, catalyst, which presented most ZrO, particles Ru-free.
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Figure 8: High resolution TEM, High-angle annular dark-field (HAADF) and EDS elemental mapping

of 1Ru/UiO-66 templated catalyst. The MOF-templating method yielded a catalyst containing Ru
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nanoparticles (2-5 nm) supported on ZrO; nanoparticles (10-20 nm). The oxygen map does not correlate
with the Ru location, indicating the ruthenium to be Ru®. Catalyst activated and tested at 350 °C and
30 bar.

3.5.5. X-ray photoelectron spectroscopy

The surface of the MOF-derived catalyst was examined by X-ray photoelectron
spectroscopy (XPS). The high resolution spectra peak shape and binding energy position of the
Ru is consistent with RuO, (Figure S24 and Table S7).*> These results are in contrast to EDS
maps that indicate the bulk of the nanoparticles consist of Ru®, the presence of surface RuO;
can be explained by oxidation of the surface Ru® atoms upon exposure to air.***4 The amount
of Ru and Zr on the catalyst surface was quantified by XPS elemental analysis which afforded
a Ru:Zr atomic ratio of 1:9. This value is significantly higher to the bulk Ru:Zr elemental
quantification of 1:24 and provides further confirmation that the Ru nanoparticles supported on

the ZrO, surface.

3.5.6. DFT Calculations

To provide insight into the structure of the catalyst precursor, Density Functional
Theory (DFT) calculations were performed to evaluate the interaction between a Ru atom and
the UiO-66 secondary building unit (SBU) (Figure 9). Cation exchange between Zr and Ru
atoms during IWI was considered unlikely as the solvent is dried at 80 °C just after the addition
of the RuCls solution, not allowing a substantial amount of time for the exchange.*® According
to Table 1, the most favourable site for the 1Ru/UiO-66 is the configuration A, where the Ru
atom is bonded to one oxygen and two zirconium atoms before the relaxation (High negative
values of 5Emin imply that some configurations are not allowed or stable, while low values
indicate favourable configurations). Configuration B is the second most probable with an
energy difference of -14 eV. This small energy difference is attributed to the fact that the final

position of the Ru atom is similar to the initial configuration in both cases and remains bonded
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to the same atoms with very small change of configurations; while configurations C, D, and E
undergo substantial configuration changes (Figure 9 and Table 1). Configurations A and B
suggest that the Ru atom is coordinated to the metal node in a position normally occupied by a
terephthalate linker. We note that this is consistent with previous studies which show that metal
node defect sites in UiO-66 preferentially bind to other metals.*®* In this system, the post-
synthetic metalation*® of these defect sites may lead to the controlled distribution of Ru

throughout the framework of the catalyst precursor MOF (Figure 7).
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Figure 9: Initial (top) and final (bottom) configurations for the geometry optimization of different
locations of Ru binding to the SBU. The spheres indicate atom position (Ru, magenta; O, red; Zr, blue
and H, white). The most energetically favourable configurations A and B undergo subtle changes during

the optimization, while configurations C, D and E undergo major changes

Table 1: Geometrical features and calculated energy for the configurations displayed in Figure 9.

Initial | Di Ru-O | Di Ru-Zr | Final | Df Ru-O | Df Ru-Zr | ETotal / eV | SEmin/ eV
A 2.2a,2.2b | 3.4a,3.4b | A’ | 2.0a 2.0b| 3.0a 3.0b -5681 0
B 2.2a,2.2b | 3.4a,3.4b | B’ | 2.1a,2.1b | 3.0a, 3.0b -5667 -14
C 2.1a 0.0a c 2.1a 0.0a -5229 -452
D 2.1a,0.0b | 0.0a,0.0b | D’ | 2.1a,2.4b| 2.8a 2.9b -5226 -455
E 0.0a 0.0a,0.0b | FE’ 2.1b 2.8a,2.9b -4762 -919

Dis: Initial and final distances in A. Sub-indexes a and b correspond to neighbouring atoms of each
element (Figure 9). dEmin relates the maximum energy deviations observed from the lowest energy

configuration with respect to Ru position

Upon the MOF collapse, during the activation period, the MOF loses its organic linkers
and the MOF SBUs form a disordered (amorphous) phase before they rearrange to form ZrO,
nanoparticles. Nanocrystalline ZrO, presents an excess of oxygen vacancies®® which are

responsible for the adsorption of CO; in the methanation process!®'® Ru species previously
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dispersed through the precursor MOF (1Ru/UiO-66) migrate to the surface of the nano-ZrO>
and form Ru NPs. The high level of Ru NPs dispersion in the final catalyst is owed to the
dispersion of Ru in the precursor MOF. In this study, the distribution of Ru NPs on nano-ZrO»
matrix may underpin the exceptional activity of the MOF-derived catalyst. Accordingly, when
the oxygen vacancies are associated with the hydrogenation properties of Ru NPs, a high

activity for the CO2 methanation was observed even at low Ru loading and at high WHSV.

3.6. Conclusions

We have identified a highly active catalyst for CO, methanation derived from Ru
impregnated UiO-66. The final Ru/ZrO, catalyst displayed CO. conversions in the range of 96
to 98% when operating under high gas flow rates. In addition, it showed remarkable stability
and high selectivity to methane for more than 160 h of testing. The combination of these
reactive properties assures this catalyst superiority when comparing it to other cutting edge
catalysts, however, poisoning tests have not yet been performed for this material. This work
highlights that MOFs can confer unique morphology to heterogeneous catalyst systems via a
templating strategy. Such in situ generation of the active catalyst by MOF-templating has the
advantage of not requiring a calcination step at high temperatures or caustic chemical
processing. 1819 24.26.35.50-52 £ rthermore, the precise spatial control of metal-oxide and organic
components offered by MOF chemistry provides excellent potential for the design of new solid-

state catalysts.
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A. General considerations

All chemicals were used as provided by the manufacturer. Chemicals and respective
suppliers: Zirconium Oxide nanoparticle (99+% ZrO> monoclinic, 40 nm, US3600) US Nano
(USA), Charcoal activated powder R Grade LabServ (Australia), Methanizer packing
391160002 Agilent Technologies (Australia), ruthenium(l11) cloride trinydrate (RuClz-3H20)
99% PMO Pty Ltd (Australia), terephthalic acid 99% Acros Organics (Great Britain),
dimethylformamide (DMF) 99.8% Merck Pty. Ltd. (Australia), zirconium chloride (ZrCLs)
99.5% Sigma-Aldrich (Australia), hydrochloric acid (HCI) 32% Merck Pty. Ltd. (Australia),
Pluronic® P-123 Sigma-Aldrich (Australia), Tetraethylorthosilicate (TEOS) 99% Merck Pty.
Ltd. (Australia). Silicon Carbide (SiC) 99% 300-355 pum Beijing HWRK Chem Co., Ltd.
(China). Water was deionized by reverse osmosis. All gases used were supplied by Coregas
(Australia) including custom made mixtures: nitrogen (N4); Argon (N5); Helium (N5);
Hydrogen (N5); 25% carbon dioxide with hydrogen balance; and 2.52% ethane, 2.82% ethene,
2.53% acetylene, 2.44% methane, 2.48% carbon dioxide, 2.53% carbon monoxide, 2.51%

hydrogen with argon balance.

B. Syntheses Details

B.1 UiO-66

UiO-66 was synthesized according to Katz et al.! A 2 L Schott glass bottle was loaded
with DMF (160 mL), ZrCls (4 g) and 32% HCI (32 mL), the mixture was sonicated for 20
minutes. In a separate bottle, terephthalic acid was dissolved in DMF (320 mL) and then added
to the ZrCls solution. The bottle was sealed with a screw cap and placed in an oven at 80 °C for
20 hours. The resulting solid was isolated by vacuum filtration and it was washed with DMF
(3x 300 mL) and ethanol (2x 300 mL). Subsequently, the solid was dried under vacuum for

several hours. The synthesis of UiO-66 was confirmed by PXRD and TGA.
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B.2 SBA-15

Mesoporous silica SBA-15 was synthesized according to the method of Cool et al.? In
a 2 L round bottom flask, 1083 mL of water, 33 g of P123 and 166 mL of 4 M HCI solution
were mixed using a mechanical stirrer for approximately 6 hours until complete dissolution.
After resting for 16 hours, TEOS was added to the mixture and the solution was stirred at
452 rpm and 45 °C for 8 h. The resulting solution was let ageing in an oven at 80°C for 20
hours. The white solid phase formed after ageing was cooled down and recovered by filtering
and washing it with deionized water (3x 200 mL). Next, the solid was dried at 60 °C for 20 h
before being calcined in a Nabertherm muffle furnace at 500°C for 24 hours (heating at
1 °C/min, cool down at 2 °C/min). Before use, the material was crushed using a mortar and a

pestle.

B.3 Ru/Support via IWI

In a typical experiment where the support was UiO-66, 1 wt% loading of Ru® in UiO-
66 (LRu/Ui0O-66) was achieved by the standard incipient wetness impregnation method of UiO-
66 with an aqueous solution of RuCls. Finely ground UiO-66 solid (250 mg) was placed into
an 8 mL glass vial and an aqueous RuCls solution (7.12:10° M, 350 uL) was added followed
by mixing of the resulting slurry to ensure that all the sample was in contact with the solution.
The sample was dried in air at 80 °C to obtain 1Ru/UiO-66. The same procedure was applied
for different supports using the appropriate solution volume and concentration to yield the right
loading as presented in Table S1. Different loadings of Ru on UiO-66 were achieved by using

appropriate concentration of RuClI3.

The UiO-66 water uptake for the IWI was defined empirically. The total pore volume
of approximately 0.4 cm®/g was considered for the impregnation at first, however simple visual

inspection indicated that it was not enough to create a homogeneous slurry. To define the water
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uptake for the IWI known amounts of water were added to UiO-66 until a homogeneous slurry

was formed. The resulting value was 1.38 mL water/g UiO-66.

Table S1: Details of quantities used during the IWI procedure for different support materials.

For 1% Ru loading
Volume aqueous solutionto  RuCI3-:3H20 solution

Support

support mass (mL/qg) concentration (g/mL)
UiO-66 1.38 1.88-10-2
pmZrO2 0.636 4.07-10-2
Activated
Carbon (C) 0.636 4.07-10-2
SBA-15 0.636 4.07-10-2

B.4 UiO-66 precursor mix (ZrCls+H2BDC)

RuCl3-:3H20 solution
concentration (mol/mL)

7.12-10-5
1.54-10-4

1.54-10-4
1.54-10-4

The preparation of UiO-66 precursors mix ZrCls and terephthalic acid (ZrCls+H.BDC)

was designed considering the molecular formula of UiO-66, CagH24030Zrs, in order to achieve

the equivalent amount and ratio of Zr:BDC in 100 mg of UiO-66 (6.15-10° mol UiO-66), 86

mg of ZrCls (3.96 -10™* mol ZrCL.) was mixed with 61 mg of H,BDC (3.96-10* mol H.BDC),

for the sample with Ru (Ru/ZrCls+H2BDC), 2.5 mg of RuCls-3H20 (1 mg of Ru, 10-10° mol

Ru) was added to the solid mixture, this amount was chosen to simulate the Ru composition in

1Ru/UiO-66 when using 100 mg of UiO-66. These samples were kept under N2 before the

catalytic testing. For catalysis testing approximately 30 mg of the precursor mix was used since

this amount is equivalent to 20 mg of UiO-66.
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Table S2: Synthesis details and hydrogen conversion for the samples compared in this study.

Synthesis details 32%;? 32%;?
| oo | e e g, | | o
UiO-66 UiO-66 - 0 - 0 -
1Ru/UiO-66 UiO-66 RuCls 1 IWI 96.0 2.9
Ru/pmZro; P(rr?; g%i?ifil?z RUCls 1 IWI | 380 | 9.2
Ru/C Activated carbon RuCls 1 IWI 26.3 2.6
Methanizer SiO, Ni® 10-30 ND 59.6 2.6
RuU/SBA-15 SBA-15 RuCls 1 IWI 0 -
ZrCl,+#H,BDC |Dry mixture of solids - 0 DM 0 -
Ru/ZrCls+H,BDC |Dry mixture of solids| RuCls 1° DM 0 -

4WI: Incipient Wetness impregnation, ND: not disclosed, DM: solvent-free (dry) solid mixture;
bStandard Deviation across isopressure periods; °Ni precursor not disclosed; ¢ sample tested at 10 bar;
*Equivalent to 1%1Ru/UiO-66

C. Thermogravimetric analysis (TGA)

The thermal analysis of 4 samples submitted were carried out using a Netzsch STA 449
F1 Jupiter with SiC furnace and S-type sensor. Samples were heated to 350 °C at a rate of
10°C/min under either 100% N2 or 5% Hz in N2 purge gas at flowing rate of 40 mL/min. An
empty alumina crucibles were run as blank for each method to correct for baseline. The STA
analysis was initially run with an isothermal cycle for 5 min to allow the samples to equilibrate

with the purge gas conditions. These sections are not shown in the thermograms.

A sample of UiO-66 was heated to 800 °C under N> to observe the full decomposition.
This sample was evaluated using a Mettler Toledo TGA 2. UiO-66 (19 mg) was loaded into an
empty alumina crucible heated to 800 °C at 10 °C/min under N2 purge gas at flowing rate of
30 mL/min. the sample was allowed to equilibrate at 25 °C for 10 minutes before the analysis,

this section is not shown in the thermogram.
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Simultaneous Thermal Analysis (STA) was performed to evaluate the carbon content in
the MOF-derived catalyst. After catalysis testing the used catalyst was loaded in an alumina
pan and STA was performed in a Netzsch STA 449 F1 system fitted with a SiC Furnace and an
S-type DTA sensor. The sample was heated to 1000°C at 10°C/min heating rate under Air purge
gas 20 mL/min. An initial blank run was carried out to correct for the baseline. Evolved Gas
Analysis (EGA) was performed with Pfeiffer Thermostar Quadrupole Mass Spectrometry

coupled to the STA system in order to check for the volatiles.

D. Gas sorption analysis
The sample was degassed overnight at 150 °C. N2 sorption was performed at 77 K using

a Micromeritics ASAP 2020.

E. X-ray powder diffraction (XRD)

E.1 Laboratory source XRD

Where possible, samples were back-loaded into sample holders prior to the collection
of XRD traces to minimize texture. Where insufficient sample was provided for back-loading,
samples were instead loaded onto zero background plates. A Bruker D8 Advance X-ray
Diffractometer operating under CuKa radiation (40kV, 40mA) equipped with a LynxEye
detector was employed to obtain the XRD patterns. Samples were scanned over the 20 range
3.5° to 130° with a step size of 0.02° and a count time of 0.4 second per step. 173/192 of the
sensor strips on the LynxEye detector were used, to give an equivalent count time of 69.2

seconds per step.

E.2  Synchrotron source XRD (Gas controlled and variable temperature experiment)
Gas controlled and variable temperature XRD experiments were carried at the Powder
Diffraction Beamline at the Australian Synchrotron. A Mythen microstrip detector® was used

for data collection. The samples were loaded into open-ended special glass 0.7 mm wide
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capillaries (The Charles Supper Company, USA) glass wool was used to contain the powder
within the capillary. The capillary was kept oscillating during acquisition. Temperature was
controlled using a hot-air blower positioned below the capillary. The capillary holder was
attached to a gas fitting, which was connected to a gas manifold allowing the selection of gas
flow. The beam energy during data acquisition was 15 keV with a current of 200 mA. The
sample was first heated to 220 °C under N flow, then at 19 min, the gas flow was replaced with

a mixture of CO2:H> = 1:3. Upon reaching 350 °C, the temperature was kept constant.

Gor;:omc;ater Special
ea Gas Glass Sample
fiting capillary  1Ru/Ui0-66 Glass wool
pd

Gas exit
f Reactive gas mix

CO2/H2: = 1/3

Figure S1: Gas controlled PXRD experiment sample holder setup.

E.3 Rietveld refinement of PXRD data

The quantitative phase and microstructure analysis of the laboratory source XRD data
was performed using a whole-pattern, Rietveld based approach. The Rietveld method involves
the development of a model which is used to generate a calculated XRD pattern. The model
includes parameters such as crystal structure model for each phase, pattern background,
wavelength, sample and instrument aberrations, etc. The then calculated pattern is compared
with the observed data and the difference between observed and calculated is minimised
through a least squares process by adjusting selected parameters in the model. These

calculations were performed using the software TOPAS V5* in batch mode.

Synchrotron source was used for the gas controlled variable temperature PXRD of
1Ru/UiO-66. Rietveld refinement of the scale UiO-66 and the resulting amorphous phase was
performed in batch mode using Topas V5% The Rietveld refinement of this XRD dataset was

performed in batch mode starting with the diffractogram at 19min. The values refined for each
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diffractogram were used as input for the next. The background contribution for all
diffractograms was fixed according to the refined values at 19min. Thereafter, the increase in

the background was correlated with the generation of an amorphous phase.

F. Catalysis testing

Catalyst screening and optimization experiments were undertaken in a Flowrence® 48-
channel catalysis rig manufactured by Avantium Ag.>® (Figure S2). The tubular reactors had
internal diameters of 2.0 mm, were 280 mm long and were constructed of either Hastaloy with
a stainless steel frit or quartz with a quartz frit depending on the experiment. Hastalloy reactors
were prepared with a base of 700 mg of SiC to a height of 11-13 cm to maintain the catalyst
bed within the isothermal zone of the reactor which is 8 cm in length. Precatalyst masses of
between 10 and 20 mg were diluted with coarse SiC to produce a catalyst bed volume between
50 and 200 uL in each reactor. Quartz reactors were loaded with quartz frits and undiluted
precatalysts (~50 mg). The reactors were operated in co-current downstream mode and can
operate at a maximum temperature of 750 °C, a maximum pressure of 160 bar and GHSVs of

up to 100,000 %,

This multichannel reactor was custom built for CSIRO and is comprised of 3 blocks of
16 reactors which can be independently temperature controlled allowing the concurrently
testing of samples at different temperatures. Pressure is maintained with 2 backpressure
manifolds each lined with a Teflon membrane, the gas feed and pressure is kept even for all
reactors. Flow rates are modulated by EL-Flow Bronkhorst mass flow controllers. Effluent
gases were diluted with nitrogen immediately after exiting reactors to provide enough volume
to the GC analytics. The tracing line between the reactors and the GC was maintained at 120

°C.
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All reactors were sequentially sampled by an on-line Gas Chromatograph 7890A
Agilent (USA). The complete effluent analysis consisted of two methods performed in parallel
on two GC channels: Front channel with an Agilent PoraBOND Q packed column (CP7352)
with a TCD detector; and Auxiliary channel with an Agilent MolSieve 5A packed column
(G3591-80046) with a TCD detector with negative polarity. In both channels, helium was used
as sweep gas. Argon was mixed with the gas feed (3 vol% of argon in feed) as an internal

standard required to calculate absolute flows.

Before the beginning of the experiments, a validation run was carried out with a Alfa
Aesar Cu-ZnO-alumina catalyst for methanol synthesis, to perform a technical validation of
the equipment. During this validation, various process parameters were studied: temperature:
260 and 300 °C; pressure: 10, 20 and 30 bar; H2/CO molar ratio: 0.5, 1 and 2; GHSV: 4000,
8000, 16,000 ht. As expected, as this catalyst was designed for H2/CO operations the product
mixture is complex. The main product in this reaction was methanol. The data from this
validation run showed that the equipment is capable of producing consistent and reproducible

data.

Fixed-bed reactors

Reactive gases H, + CO, + Ar

Gas chromatograph
@'

Effluent gas from selected reactor
(other reactors are vented out)

N, diluent

[ Y
| | | ] - L. I
| BV L | >
¢ Y

Effluent gas mixture

P4 Selective valves

Figure S2: Diagram of the multi-channel rig used for the catalysis testing.
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F.1 Experimental conditions

In a typical catalysis test, approximately 20 mg of precatalyst or catalyst mixed with
50 mg of SiC were loaded over a SiC bed inside a steel or quartz micro reactor and placed in
the rig. The samples were then heated at 2 °C/min under a N2 stream (3 mL/min) to 220 °C at
1 bar and kept for 20 min in order to remove guest solvent molecules from the samples. Next
the samples were exposed to the reactive gas mixture and to set conditions of temperature (ramp
rate of 5 °C/min) and pressure (4 bar/min) while the test was carried continuously for several
hours. The reactive gas mixture had 3% argon and 97% CO. and H either in a stoichiometric
ratio (1 CO2:4H,) or with Hz as the limiting reactant (1 CO::3.5H,). Gas effluent
composition was finally analyzed by a gas chromatograph (GC) as described above. It is
important to mention that the CO, methanation is a volume reducing reaction, meaning that
increasing pressure may improve the conversion of CO..” However, due to technical restrictions
our studies were performed at 5 bar and above, for validation and comparison purposes the

commercial catalyst Methanizer was included in the experiments.

400 -

350 ] ; L 30
300 1

250 -
] L ERE TR Block 1

3 ] 20

2,200 ] [cj——— Block 2

L A Block 3

100 1

Pressure

50 ]

0 50 100 150 200
t/h

Figure S3: Experimental conditions versus time for the catalytic performance comparison of different
supports (Figure 3). The first step at 1 bar and up to 220 °C was carried under N> and lasts for 20 min,

it has been stretched in this plot for the purpose of observation.
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G. Catalysis data analysis

G.1 Weight hourly space velocity (WHSV)
Weight hourly space velocity (WHSV) is defined as the volume of gas fed to each
reactor per gram of final catalyst loaded per hour. Mass of final catalyst was defined as 35% of

the precatalyst according to the mass loss measurements and to TGA.

WHSV (L . h—l . g—l) — Vgas fed in reactor — VHz + VCOZ + VAr
Myinat catatyst Mpre—catatyst * 0-35

G.2 Quantitative analysis of reactor effluent gas via GC

For the quantitative analysis, the gas chromatograph (GC) was calibrated by flowing a
gas mixture with known amounts of ethane, ethene, acetylene, methane, carbon dioxide, carbon
monoxide, hydrogen and argon, supplied by Coregas, diluted with N2 stream at different
dilution ratios to define the factor; (area/%) used in the analysis and OpenLab software from

Agilent was used to define species retention time.

GC Area;

Xi effluent = factor-
i

G.3 Conversion and selectivity calculations

Ar was added to the reactor gas feed as tracer gas. Since N2 by-pass the reactor in order
to dilute the gas effluent, just as Ar it does not react and thus its fraction in the gas effluent can
be directly correlated with a total volume flow change. Both N> and Ar were used for

verification.

Vreactor gas feed = VHzfeed + VCOZfeed + VArfeed

Vtotal feed = Vreactor gas feed + be—pass N, feed

Vto tal ef fluent = VHZ effluent + VCOZ effluent + VAT ef fluent + VNZ effluent + Z Vproducti
i

Vr roa =V, = - oV = res
Nyfed — VNyeffluent — Vtotal ef fluent xNz effluent total ef fluent —
xNZ effluent
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: . . : _ Varfea
VAT fed — VAT effluent — Vtotal effluent * Xar effluent « Vtotal effluent —
XAr ef fluent

Species effluent volume flow

Vi effluent = Vtotal effluent * Xi effluent
H> conversion values for single data points
_ VHZ consumed __ VHZ fed — VHZ ef fluent

Xy, =

2

VHZ fed VHZ fed

Reported multiple data points average H. conversion values

_ ZVHZ consumed __ ZVHZ fed — ZVHZ ef fluent
2 ZVHZ fed ZVHZ fed

Reported average conversions were calculated for periods after catalyst activation,

Xn

which varied from 4 up to 13 hours depending on the temperature.

Standard deviation for H> conversion presented in this work was calculated by the

analysis of H> conversion values for single data points.

Selectivity was also confirmed by the absence of other products as observed in

Figure S4.

_ VCH4 effluent

Sey, =7
CH, Vv
CO, consumed

_ VCO effluent
Sco =777

VCOZ consumed
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Figure S4: Example of the gas chromatograms obtained for each of the channels during the catalysis
testing. The auxiliary channel (top) was used for H, and methane quantification and the front channel
(middle) was used for CO, quantification and to verification of other products formation. CH,
quantification was used to verify H, conversion numbers, as CO, could only be estimated as its peak
position, on the tail of the unseparated gases peak, limited the accuracy of its quantification (bottom).
This method was chosen because identification of small quantities of high molecular weight species was

desired and we calibrated and trust the dosage of CO; to the reactor as discussed below.
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Figure S5: The H; calibration curve for the gas chromatograph and method used for this work. The
peak shape at each concentration is displayed in Figure S6. Each point indicates the average of 3 to 4
injections for the same concentration. Error bars, present inside the markers, indicate standard deviation

of the area.
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Figure S6: H, chromatogram peaks during calibration with different concentrations of H; as indicated

in the figure.
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G.4 Mass balance

Carbon balance was done by considering CHa4 production, CO2 composition in the gas
feed, absence of any other C-containing product and carbon content in catalyst. The CO, feed
is accurately measured and according to the carbon mass balance method described below, the

methane Yield (Ycha) is approximately equal to the CO- delivered to the reactor.

Gas feed composition (input) was controlled using EL-Flow Bronkhorst mass flow
controllers calibrated by Bronkhorst. Spot checks are regularly done to verify the flow through
each reactor. GC analysis of empty reactors are also performed to check the mass flow
controllers’ accuracy. In all experiments, empty reactors were added to the experiment and
tested in parallel to verify the gas composition in the absence of catalysts. Composition of gas

effluent was analysed using a GC.

Total flow diagram

Fo=---=------------ I'T1H2_out
. ' Mcoz_out
m ) eactor ' ¥ -
. H2_i n_'_>' Catalyst ' - mAr_out
Co2_in———> Mc_caayt ' > M2 out
Mar_in _:—) ' rT1CH4_0ut
. ' m
mN2_" : . 1ICO_out
' IT‘H2O_out

Mother hydrocarbons_out

Mco2_out
> Mcha_out
mCO_out
Mother hydrocarbons_out

1
. : Catalyst
Mcoz_in ——>

Ll
Ll
'
T
Mc_catalyst '
'
[
[
'

Figure S7: Flow diagram for all molecules (top) and for carbon-containing molecules only (bottom).

Below the mass balance for carbon-containing molecules.

input — output — accumulation = 0

Here, accumulation is defined as carbon deposited on the catalyst.

mCOzin - mcozout - mCH40ut — Mco,,: — Mother hydrocarbonsgy: — chatalyst -

e No other hydrocarbons were observed in the GC Figure S4, therefore

123



Supporting information CHAPTER 3

Mother hydrocarbonsgyt =0

e After activation of the catalyst there is no carbon left in the sample (Figure S11)

IR

0

mccatalyst

e Selectivity of CO is less than 0.2% (Figure 2D)

Moy, = 0

mC02 in - mcozout - mCH4out =0

; : ~ . +(mC02in) Mco, in__ mcozout ~ mCH4out
mC02 in h mcozout = mCH4out y =
mC02 in mC02 in

mC02 in B mC02 out mCH4out

; = Xco, = Yen, =
mcozin mcozin

At stoichiometric ration Ho:CO2 = 4:1, it is possible to compare the methane yield to the

H» conversion for validation of the results.

mC02 in B mcozout — — mCH4out — mH2 in B mHZout —

=X ~Y, =
. CO, = 1CH, .
mC02 in mC02 in mH2 in

This comparison is presented in Figure S8.

R7 - RLO0156 (UiO-66) - UIO-66 large batch H
R13 - RL00158 - 0.25%Ru Ui0O-66 —
R14 - RL00159 - 0.5%Ru UiO-66 T
R15-RL00160 - 0.75%Ru Ui0O-66 |
R16 - RL0O0161 - 1.25%Ru Ui0O-66 r
R17 - RL0O0162 - 1.5%Ru UiO-66 i
R18 - RL0O0163 - 1.75%Ru Ui0O-66 .
R20 - RL0O0165 - 1%Ru Ui0-66 - 11 mg ]
R21 -RL00165 - 1%Ru Ui0O-66 - 21 mg ]
R22 - RL00165 - 1%Ru UiO-66 - 5 mg A
R23 - RL00165 - 1%Ru Ui0O-66 - 15 mg -4}
R29 - RL00174 - ZrCl4 + H2BDC K
R30 - RLO0175 - ZrCl4 + H2BDC +RuCI3 | ¥ u Average of XH2
R33 - Blank - Blank tH = Average of YCH4
R34 - Blank - Blank #

-10 0 10 20 30 40 50 60 70 80 90 100110
Percentage / %

Figure S8: Example of verification of H, conversion (ml_H2 consumeas/Ml_H2in) and CH4 yield (ml_CH4

produced/ MI_CO2in) for different samples tested in parallel.
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G.5 Transmission electron microscopy (TEM)

Figure 6A, 6B and S18: Samples were prepared for TEM as follows: aliquots of sample
were suspended in ethanol, and applied to carbon-coated copper TEM grids. After air drying,
grids were examined ina Tecnai 12 G2 TEM (FEI, The Netherlands), operating at 120 kV, and

images were recorded with a MegaView I11 CCD (Olympus, Tokyo).

Figure 6C and 6D: High Resolution TEM was performed in a Tecnai F20 TEM (FElI,

The Netherlands) equipped with STEM and EDS detectors operating at 200 kV.

Figure 8 and S21: TEM/STEM investigation was performed using a probe-corrected
JEOL ARM200F (JEOL, USA) equipped with a cold field emission gun operating at 200 kV.
High-angle annular dark-field (HAADF) images were acquired with inner and outer collection
angles of 68 and 280 mrad, respectively, while bright field images were acquired with a
maximum collection angle of 17 mrad. All images were acquired with a 20 ms dwell time and
convergence angle of 25 mrad, resulting in a probe size about 0.1 nm and a current of 40 pA.
The Energy-dispersive X-ray Spectroscopy (EDS) maps were acquired with a probe current of

155 uA.

G.6 Scanning electron microscopy (SEM/EDS)

Figure 7 and S19: The samples, which were mounted on TEM grids as described above,
were placed on a STEM stage so that the samples could be imaged using a Zeiss Merlin FESEM
(Field Emission Scanning Electron Microscope) operated in the secondary electron (SE) mode
and back-scattered mode (BSE). SE images highlight topographical features whereas BSE
imaging enhances elemental contrast and oxidation state differences so that low atomic
elements or oxidated elements appear darker and higher atomic number elements or in the
elemental state appear brighter. Energy dispersive spectroscopy (EDS) was used to identify

elements present within the samples. The EDS system used was AZTEC, manufactured by
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Oxford Instruments Pty Ltd. An accelerating voltage of 25 kV was used for EDS mapping. The

magnifications used are indicative of the scale bars shown in the images.

G.7 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis was performed using an AXIS Ultra
DLD spectrometer (Kratos Analytical Inc., Manchester, UK) with a monochromated Al K,
source at a power of 180 W (15 kV x 12 mA), a hemispherical analyser operating in the fixed
analyser transmission mode and the standard aperture (analysis area: 0.3 mm x 0.7 mm) The
total pressure in the main vacuum chamber during analysis was typically 10® mbar. Survey
spectra were acquired at a pass energy of 160 eV. To obtain more detailed information about
chemical structure, oxidation states etc., high resolution spectra were recorded from individual

peaks at 40 eV pass energy (yielding a typical peak width for polymers of 0.9 — 1.0 eV).

The sample was filled into a shallow well of a custom-built sample holder where the
sample was analysed at two different locations at a nominal photoelectron emission angle of 0°
w.r.t. the surface normal. Since the actual emission angle is ill-defined in the case of particles
(ranging from 0° to 90°) the sampling depth may range from O nm to approx. 10 nm. In the case
of a rough surface, such as the sample analyzed, the angle of emission vary greatly across the

surface, making this technique more surface sensitive.

G.8 XPS Quantitative analysis

Data processing was performed using CasaXPS processing software version 2.3.15
(Casa Software Ltd., Teignmouth, UK). All elements present were identified from survey
spectra. The atomic concentrations of the detected elements were calculated using integral peak
intensities and the sensitivity factors supplied by the manufacturer. Correction of the binding

energy scale for sample charging was based on the main C 1s peak, located at either 284.5 eV
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(sp2 hybridized carbon in C60) or 285 eV (aliphatic hydrocarbon). The accuracy associated

with quantitative XPS is ca. 10% - 15%.
Si, Na and C shown in the analysis are sample contaminants.

Satellite peaks were observed on the high binding energy side of the Zr 3d peaks, as
demonstrated in Figure S22 and S23. A number of factors can contribute to the overall spectral
shape. Interms of intrinsic contributions, in addition to an asymmetric tail on the higher binding
energy side of the peak, spectral contributions from plasmons can occur as a result of coupling
of core hole with collective electron oscillations for free-electron like metals® or shake-up peaks
originating from m-m*transitions in aromatic and unsaturated species such as polystyrene.®
Similar spectral shapes as observed herein at binding energies greater than the main Zr 3d
doublet have been observed for polycrystalline pure!® and oxidised™! zirconium. In the case of
ZrO,-based ceramics,? a loss structure comprising of three peaks has been observed, which are
assigned to excitation of ligand electrons in the valence band to the conduction band, bulk
plasmon and excitation of a Zr core level, respectively. The binding energy shift from the main
peak for the first two peaks matches that observed for Figure S23, noting that the binding
energy ranged selected was not sufficient to collect the spectral region expected for the third
peak. Considering the binding energy positions of the peaks, the overall spectral shape and the
structure of the ligand-based MOF explored herein, the assignments obtained from ZrO»-based
ceramic are likely the closest representation for the loss structure observed herein for the Zr 3d
peak.. The ratio of the Ru 3d and C 1s contributions to the total peak area of this spectral region
were determined via fitting of the high resolution spectra using the protocol detailed by
Morgan.®® The ratio of intensity of the total Ru 3d and C 1s contributions was used to scale the
total peak area of the Ru 3d / C 1s region defined in the survey spectra and thus calculate the
elemental quantification of the catalyst. Satellite peaks were also assigned to the fitting of the

Ru 3d and C 1s spectra, where Morgan attributed these to plasmons.*3
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G.9 DFT Simulations

The UiO-66 configurations were optimized by density functional theory (DFT)
calculations performed using the SIESTA code'* with the generalized gradient approximation
of Perdew-Burke-Ernzerhof (PBE).®® Norm-conserving Troullier-Martins pseudopotentials
with scalar relativistic correction were used. The wave functions were expanded in a double-{
polarized basis set (D{P). A 200 Ry cutoff for the density integration grid and a density matrix
convergence criterion of 2x10 were chosen. A simple cubic superlattice with a cell size of
30 A was used. In order to determine the most stable configuration, all atoms were allowed to
relax until the Hellmann—Feynman forces were smaller than 5 meV.A™ by using the conjugate
gradient minimization method. These combinations of parameters have been successfully

proven in different DFT studies.*®’

The atomic models were constructed from periodic unit cells of the catalyst precursor
UiO-66. In each configuration the Ru atom is placed in different sites (Figure 9) with bond
lengths of 2.1 A and 3.4 A between ruthenium and oxygen atoms and ruthenium and zirconium

atoms respectively. Each configuration was relaxed prior to the geometry optimization.

128



Supporting information CHAPTER 3
H. Supporting results
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Figure S9: Synchrotron source (15 keV) X-ray diffractogram of Ru-impregnated UiO-66 (1Ru/UiO-66)
pre-reduced in a tube furnace at 250 °C and 1 bar in 5% H,-N: for 4 h. The UiO-66 structure persisted

after the heat treatment and no Ru®, RuO; or RuCl; phase is observed. Figure S19 shows the presence

of Cl in this sample, we believe the chlorine atoms are well dispersed within the framework due to the

absence of chlorides reflections.
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Figure S10: TGA thermograms of UiO-66 (blue) and 1Ru/UiO-66 (Black) in different purge gases (N-
and 5%H,/N>). The presence of 5% H; did not seem to affect the stability of the MOF under 350 °C. In

pure N, the decomposition of the framework (24 % mass loss) occurs after 400 °C. Since the weight

loss differs minimally among these samples, we could conclude that a low concentration of H; (5 v%)
was not enough for the decomposition of UiO-66 or 1Ru/UiO-66 below 350 °C.
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Figure S11: Simultaneous Thermal Analysis (STA) and Evolved Gas Analysis (EGA) of used

MOF-derived catalyst performed in air. The TGA results shows less than 2% mass loss during the

analysis, EGA confirmed the loss of carbon/carbon containing species (m=12, 30, 43 and 44) and H:0

(m=17 and 18). Thus, this is further evidence that no carbon is left in the catalyst after the in situ

activation and the present carbon is adventitious. Sample: activated MOF-derived Ru-ZrO; catalyst after
use at 350 °C, H2:CO; = 4:1.
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Table S3: Mass loss of 1Ru/UiO-66 during the catalyst activation. Weight of reactors were measured

before precatalyst loading, after precatalyst catalyst loading and after catalysis test. The values below

are difference between the loaded reactor weight, before and after catalysis. The mass loss around 60%

can be related to the MOF decomposition (Figure S12).

Activation temp (°C) | Precatalyst 1Ru/UiO-66 (g) | MOF-derived catalyst (g) | Mass loss (wt%)
250 0.0534 0.0191 64
250 0.0504 0.0178 65
300 0.0487 0.0198 59
300 0.0475 0.0181 62
350 0.0454 0.0198 56
350 0.0462 0.0155 66
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Figure S12: Photograph of 1Ru/UiO-66 as synthesized loaded in a micro-reactor (left) and of the
activated MOF-derived Ru-ZrO, catalyst after use at 350 °C and 30 bar for 20 hours, H,: CO,=4:1,

WHSV = 25 L-h*-g? (right). Ruler units are cm (left) and inches (right).
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Figure S13: N absorption isotherm at 77K for MOF-derived Ru-ZrO; catalyst after use. BET Surface
area was found to be 60 m%g. Reaction conditions: 350 °C, 30 bar, H,:CO; = 4:1, WHSV = 8.7 L-h-

1-precatalyst g,
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Figure S14: Mass spectral signal normalized to He tracing monitoring the activation of the MOF-

derived catalyst. Several different organic fragments are detected by the mass spectrometer at 330 °C

(dashed black line). Total experiment time: 3 h. Reaction conditions: 60 mg of 1Ru/UiO-66,
H2:CO2 = 3:1 (63.75% Ha, 21.25% CO, and 15% He), WHSV = 200 L-h™-ge*. Data was scaled and

offset along the y axis for clarity.
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Figure S15: Triangle markers indicate the Xy, for the Ru-UiO-66 derived catalyst at 350 °C. Initially,

the catalyst was tested at 30 bar before a long shutdown period, where the samples were cooled down

to room temperature and exposed to air at atmospheric pressure. The sample was then tested again at 30

bar without any sign of deactivation. Next, it was tested at decreasing reaction pressure conditions to 5

bar (cross markers). The following periods where X is absent are periods where the sample was tested

at different temperatures (Figure 1B). For comparison, the gray lines indicate the X, calculated for the

thermodynamic equilibrium at 350 °C and different pressures for CO. methanation with equal H, to CO-

ratio’. Reaction conditions: 50 mg of 1Ru/UiO-66, H,:CO, = 4:1, WHSV =43 L-h™.g™.
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Figure S16: Analysis of PXRD data of the MOF-derived catalysts activated at different temperatures at
during different reaction times. Observed XRD (Yobs), calculated XRD pattern through Rietveld
method (Ycalc), difference curve (Diff), calculated contribution for the ZrO, monoclinic phase (m-
Ycalc) and for the ZrO, tetragonal phase (t-Ycalc). No other phase (graphite, RuO, or Ru®) was
observed. Reaction conditions: 50 mg of 1RU/UiO-66, H»:CO, = 4:1, WHSV = 43 L-h™-g™* and 30 bar.

Refined parameters and the weighted profile R factor (r_wp) can be found in Table $4.
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Figure S17: a, b) In situ variable temperature PXRD of 1Ru/UiO-66. The sample was first heated to
220 °C under N flow, then at 19 min, the gas flow was replaced with a mixture of CO2:H, = 1:3. Upon
reaching 350 °C, the temperature was kept constant. ¢) Rietveld refinement scale factor versus time and
temperature for UiO-66 crystalline phase® and the resulting amorphous phase. Rietveld scale factor is
a multiplier of the reflections of a certain phase (relative intensities within a phase are constant) and it
can be correlated to the relative amount of the phase in the sample. A drastic decrease of the UiO-66
scale factor was observed simultaneously with the increase of the amorphous phase contribution. The
Rietveld refinement of this XRD dataset was performed in batch mode starting with the diffractogram
at 19min. The values refined for each diffractogram were used as input for the next. The background

contribution for all diffractograms was fixed according to the refined values at 19min.
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Figure S18: TEM images of 1Ru/UiO-66 pre-reduced in a tube furnace at 250 °C in 5% H,-N for 4
hours, UiO-66 framework was retained and confirmed by XRD (Figure S9) (left); MOF-derived catalyst
activated at 350 °C and 30 bar (centre); and Ru/pmZrO2, Ru on premade m-ZrO,, tested at 350 °C and
30 bar (right). The MOF-derived sample is composed of ZrO, nanoparticles, organized in clusters which

resemble the UiO-66 crystals shape.
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Ru/pre-made m-ZrO,

Ru-impregnated UiO-66 MOF-derived catalyst nanoparticles
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Figure S19: STEM, BSE images and EDS mapping of 1Ru/UiO-66 pre-reduced in a tube furnace at
250 °C in 5% H2-N2 for 4 hours, UiO-66 framework was retained and confirmed by XRD (Figure S9)

(left); MOF-derived catalyst activated at 350 °C and 30 bar (centre); and Ru/pmZrO2, Ru on premade

m-ZrO,, tested at 350 °C and 30 bar (right). The comparison of these images indicate a homogeneous
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dispersion of ruthenium chloride within UiO-66 prior to the catalyst activation. The MOF-derived
catalyst also contains Ru evenly dispersed, but no evidence of chloride. Lastly, Ru on pre-made m-ZrO,

nanoparticles does not presents the same level of Ru dispersion over the ZrO, particles.

Ru-impregnated UiO-66

MOF-derived catalyst

Si
o
©
Zr
Al
Cu
M

&

Ru/pre-made m-ZrO,
nanoparticles

Figure S20: EDS quantitative elemental analysis for the mapping displayed in Figure S19.

Table S5: EDS Map Sum Spectrum quantitative analysis of MOF-derived catalyst from Figure S20.

Element |Wt% |o
Si 39.1 0.2
O 17.2 0.2
16.8 0.4
Zr 11.6 0.1
Al 9.1 0.1
Cu 5.0 0.1
Mg 0.7 0.0
Ru 0.5 0.0
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Figure S21: Compass analysis (multivariate statistical analysis) was used to separate the EDS data into

regions with similar spectra. The analysis indicated 3 regions: Map C1 comprises the majority of the

observable sample, C2 covers the background (sample-free region) and C3 highlights the Ru

nanoparticles. Quantitative analysis of each area is shown below (Table S6)

Table S6: Quantitative analysis of the spectra shown in Figure S21. Map C3 indicated a much higher

content of Ru compared to the other maps. In addition, the low O content in this map indicates Ru metal.

Map C1l C 2 C3

Element line Wt.% [Error |[Wt.% [Error Wt.% [Error
CK 3.94 +£011 581 035 H54 035
O K 31.31 ®0.21 P1.75 #£0.59 [18.59 [£0.37
Zr K 61.93 ®0.77 62.52 *3.30 41.96 [+1.60
Ru L 2.82 ®£0.11 P92 £0.50 B4.05 £0.70
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Figure S22: Selected, representative survey spectrum by | Figure S23: Selected, representative
XPS of the MOF-derived catalyst activated at 350 °C and | Zr 3d spectrum by XPS of the
30 bar. MOF-derived catalyst activated at
350 °C and 30 bar.
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Figure S24: Selected, representative high resolution spectrum of the C 1s and Ru 3d region for the
MOF-derived catalyst activated at 350 °C and 30 bar by XPS. Component assignments and fit

parameters are provided in Table S7.
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Table S7: XPS binding energies and fit parameters for MOF-derived catalyst activated at 350 °C.

BE (eV) | Component Peak Peak assignment | CasaXPS fitting parameter
280.7 Red (solid) Ru 3d5/2 RuO2 LF(0.25,1,45,280)
284.9 Red (dashed) Ru 3d3/2 LF(0.25,1,45,280)
282.6 Blue (solid) | Ru3d5/2 sat | RuO2 satellite LF(0.25,1,45,280)
286.8 | Blue (dashed) | Ru 3d3/2 sat LF(0.25,1,45,280)
284.7 | Black (dashed) Cls C-C,C-H GL(30)

286 Black (dashed) Cls C-O0 GL(30)
287.9 | Black (dashed) Cls 0-C-0, C=0 GL(30)
289.5 | Black (dashed) Cls CO2R, CO3 GL(30)

Table S8: Elemental composition of the MOF-derived catalyst activated at 350 °C and 30 bar by XPS.

Element | Mean Atomic% | Std. dev
@) 53.75 1.96
Zr 23.97 1.66
C 15.74 0.16
Si 3.34 0.13
Ru 2.82 0.02
Na 0.38 0.01
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4.1. Summary

This chapter examines the templating of the highly active Ru®/ZrO; catalyst identified in
Chapter 3. The transformation that the MOF undergoes to form the active catalyst was
investigated in a series of experiments to evaluate: catalyst activation in 5%H, vs in situ
activation; Ru phase in the final catalyst; phase transformation during in situ activation via in
operando PXRD; effect of MOF components in the templating of the catalyst, including linkers,
Ru loading, impregnated metal, node metal. The systematic study presented in this chapter
provides interesting insights in the MOF-templating mechanism and the effect of the individual

components of the MOF on the templating of the catalyst and its catalytic activity.
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4.2. Abstract

Metal-organic framework (MOF)-templating under reducing conditions has been
investigated for the synthesis of Ru® nanocatalysts for CO2 hydrogenation. A post synthetically
modified template MOF 1wt%Ru/UiO-66 is used as template to examine (i) the effect of the
concentration of H in the catalyst templating, (ii) the effect of activation conditions on the
phase of the active metal, and (iii) the structural transition from a MOF to active catalyst via in
operando powder X-ray diffraction (PXRD). In addition, the structure and performance of
catalysts formed from template MOFs with different Ru loading, various organic linkers,
alternative impregnated metal and node metal were evaluated. These studies demonstrated that
a high concentration of Hz is a requirement for the synthesis of the highly active catalysts; Ru,
present in the final catalyst as single crystal and amorphous nanoparticles, assists in driving the
formation of ZrOg; the ratio of monoclinic and tetragonal ZrO- is affected by the choice of
template linker; and by replacing UiO-66 by a Ce analogue, Ru®/CeQ; nanocatalysts were
synthesised, demonstrating the potential of MOF-templating to support metallic species on

different metal oxides.

4.3. Introduction

Metal-organic frameworks (MOFs) are porous materials composed of inorganic nodes
coordinated by organic linkers.! MOFs have been predominantly investigated for application to
challenges in gas storage,?® separation science,”® and catalysis.®? Recently, MOF-derived
materials have attracted significant attention, evidenced by the large number of recent
reviews.320 Specifically, the use of MOFs as self-sacrificing templates for functional materials

has been shown to significantly impact the composition and morphology of materials and, as a
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consequence, improve their performance, particularly for applications in the areas of
electrochemistry®® %1720 and catalysis.*1% 1820 Their intrinsic porosity and the potential to
tailor their periodic structures (i.e. spacing between inorganic nodes) make MOFs novel
templates for the synthesis of functional materials that possess complex and controlled
composition. A significant advantage of employing MOFs as templates is that MOF-derived
materials often have structures and properties not achieved via other methods (e.g. morphology,

porosity, particle size, phase/element distribution).?*2

MOF-templating is usually achieved via heat-treatment under inert (pyrolysis) or
oxidising (calcination) atmospheres. Generally, pyrolysis yields metal, metal oxide or carbide
nanoparticles embedded in a porous carbon matrix, whereas calcination leads to removal of
carbon and formation of metal oxide nanoparticles. Only a few reports have explored the use
of reducing conditions (i.e. thermal treatment in Hy) in MOF-templating,?*2% In our previous
work, we showed the MOF-templating of a highly active Ru%ZrO; catalyst carried under CO
methanation reaction conditions (80% H. and 20% CO: at 350 °C).?! This exemplified the
potential of using reducing atmospheres to synthesise metallic species with controlled

distribution and morphology from MOFs.

Tailoring of the sacrificial MOF template has been successfully used to synthesise
highly complex materials. For example, mixed-metal MOFs with N-containing linkers
produced alloy nanoparticles embedded in a N-doped carbon matrix.® In addition,
post-synthetic metalation of MOFs has been shown to provide excellent distribution of the
secondary metal on the final material.?’-2® Despite these results, how the individual components

of the MOF influence the templating route remains unknown.

The lack of a fundamental understanding of the MOF-templating mechanism has been
identified as a limitation for the directed synthesis of new marterials.**2° Efforts in this direction

have been reported by Xu et al. who investigated the pyrolysis of a Ni-MOF into Ni@C via in
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situ TEM. They observed the growth of Ni nanoparticles within a carbon matrix, the detachment
of these nanoparticles from the matrix and consequent agglomeration at higher temperatures.
This knowledge enabled optimisation of the catalyst synthesis conditions.?® In summary, it is
evident that understanding the mechanism of MOF-templating will lead to treatment

optimisation and the development of more sophisticated structures.

Defining the phase transition that a catalyst may undergo during activation and under
reaction conditions is key to understanding what the active phase is and how it is formed.
Powder X-ray diffraction (PXRD) is a characterisation technique that relies on the diffraction
of X-rays from the crystalline structure of the material.*® Analysis of the resulting diffraction
pattern provides precise identification and quantification of crystalline phases in a sample. This
technique allows the analysis of the sample under various conditions, including controlled
temperature and atmosphere. In this context, it is worthwhile to defining in situ and in operando
characterisation methods. In situ characterisation is the study of a sample under simulated
process conditions,® whereas in operando characterisation is the combination of in situ
characterisation with another technique for verification of the process. In operando PXRD
experiments for catalysts may, for example, track the reaction products or the conversion of
reactants via effluent analysis using a mass spectrometer. The addition of this dimension to the
analysis enables an accurate evaluation of the sample, but also adds complexity to the

experiment.

Here we evaluate different aspects of the templating of CO> methanation catalysts
derived from Ru/UiO-66 (Figure 1). The aspects related to the transformation mechanism
include effect of H2 concentration during activation and observation of phase transition during
catalyst activation via in operando PXRD. In addition, aspects of the template MOF examined

include, Ru loading, linker, impregnated metal and node metal.
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Figure 1: Summary of the scope of this study: templating conditions and MOF components (linker,

impregnated metal and node metal) and their effect on the structure and catalytic performance of the

derived materials.

4.4. Experimental
4.4.1. Synthesis

4.4.1. Metal-organic frameworks

UiO-66, UiO-67, UiO-66-NH., UiO-66-PYDC, and UiO-66-PZDC were synthesised

based on the procedure described by Katz et al.*? In a glass vial, the organic ligand (0.75 mmol)

was dissolved in 10 mL of N-N-dimethylformamide (DMF). In a second glass vial, ZrCls

(0.54 mmol) and 1 mL of HCI were dissolved in 5 mL of DMF, the latter vial was sonicated for

20 min to ensure complete dissolution. Next, the ZrCl, solution was mixed to the ligand solution

and the vial was sealed with Teflon-lined screw cap and placed in an aluminium heating block

at 80 °C for 48 hours. The resulting precipitate was centrifuged, washed (4x10mL DMF and

2x10mL of ethanol) and dried at 110 °C for 48 hours.
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The syntheses of UiO-66-SOzH and UiO-66-(OH). were attempted based on the
procedure reported by Foo et al®® UiO-66-SOsH was synthesised by dissolving
H.BDC-SO3Na (1 g, 3.73 mmol), ZrCls (869 mg, 3.73 mmol), and 16 ml of acetic acid in
148 ml of DMF. The solution was heated to 120 °C for 40 h. The precipitate was isolated by
centrifugation and washed with DMF (3x 100 mL) and diethyl ether (DEE) (3x 100 mL). The
solids were vacuum dried for 48 hours. UiO-66-(OH). synthesis followed the same procedure

using H.BDC-(OH) as the organic ligand.

Ce-UiO-66 was synthesised via solvothermal synthesis from Ce(NH4)2(NOz)s and

H2.BDC adapted from Lammert et al.3* Detailed synthesis is described in Chapter 5.

4.4.1.1. Post-synthetic modification (PSM)
The samples were post-synthetically modified (PSM) by impregnation with an aqueous

solution of a metal precursor (RuClz, Zn(NOs)2, FeClz, CuCl, or Co(NOs)2) using the incipient
wetness impregnation method described in our previous work.?* The loading of Ru was
controlled by the concentration of the solution added to yield a sample with loadings of 0.25 to
2 wt % of Ru or 1 wt% of Zn, Fe, Cu, and Co on the MOF. Amounts for each sample are

specified in Tables S2 and S3.

4.4.2. Powder X-ray Diffraction (PXRD)

Experiments performed at the powder diffraction beamline at the Australian
Synchrotron used a Mythen-II strip detector®® for pattern collection. Patterns were collected
with 60 s of acquisition time at each of 2 different detector positions offset by 0.5° 20 and later
merged using PDViPeR® to remove gaps in the datasets resulting from gaps between the
detector modules. For ex-situ XRD data collection, the powder samples were loaded in 0.7 mm
special glass capillaries (Charles Supper, USA) and rotated about the long capillary axis during

acquisition.
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Samples analysed using laboratory source X-rays were back-loaded into flat plate
sample holders prior to the collection of XRD patterns in order to minimise the effects of
preferred orientation. Pattern collection took place using a Bruker D8 Advance X-ray
Diffractometer with CuKa radiation (40kV, 40mA) using a LynxEye detector. Samples were
scanned over the 20 range 3.5° to 130° with a step size of 0.02° and acquisition time of 0.4
second per step. To give an equivalent count time of 69.2 seconds per step, 173/192 of the

sensor strips on the LynxEye detector were used.

Synchrotron experiments were performed at 15 and 16 keV. Energy used for the
collection of each pattern and any conversions of lab X-ray source data for comparison purposes

are detailed in the supporting information (SI) provided.

4.4.2.1. Synchrotron In operando PXRD set up
For the in operando PXRD data collection, a flow-through cell designed by the

Australian Synchrotron was used (Figure 2). The powder samples were loaded into open ended
capillaries of outside diameter of 0.7 mm and wall thickness of 0.01mm. Fibrous quartz glass
wool was inserted into the exit end of the capillary to prevent the sample being blown out by
the applied gas flow. The capillary was mounted into the cell which was the fitted to the sample
stage of the diffractometer. The gas inlet of the flow-through cell was connected to a gas mixing
manifold using flexible nylon tubing (Figure S9). The gas manifold was connected to the
capillary, pure N2 and reactive gas mixture (25% CO2 and 75% Hy). A flow meter was used to
regulate the gas flow to 5 to 6 mL/min for both N> and the reactive gas mixture. The cell was
oscillated through 40° about the long capillary axis during data acquisition in order to maximise
the number of crystallites contributing to the diffraction process. The gas outlet of the
flow-through cell was connected to an OmniStar GSD 320 O2 mass spectrometer (MS) (Pfeiffer
Vacuum GmbH, Germany) using flexible nylon tubing due to the oscillation of the

flow-through cell. Heating of the capillary was achieved using a hot air blower and the
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temperature controlled and measured using a thermocouple positioned about 1 mm beneath the
capillary. The hot air blower temperature calibration was done by 15 high temperature

calibration samples from 100 °C to 700 °C.
Strip detector
1%Ru/Ui0-66

CO,+3H,
on
nchrotrofl =
Sy R .
Gas exit
:IOt-'a « "Mass Spec
’ (Catalysis data)

Figure 2: Simplified illustration of in operando PXRD set-up. The template MOF was loaded in the

capillary (blue), which was kept oscillating 40° during data acquisition. The gas feed (CO.+H,) was
connected upstream as indicated and the effluent gases flowed through a nylon tubing connected to the

mass spectrometer.
4.4.2.2. In operando PXRD sample conditions

Firstly, the sample was dried under a stream of N> while increasing the temperature to
200 °C at 10 °C/min. Upon reaching 200 °C the sample was held at this temperature for 1 hour
and then the gas feed switched to the reactive mixture of CO. and H. and temperature varied
according to the profile displayed in Figure 5B. This process broadly simulated the same
activation and reaction conditions encountered by the materials during their use in catalytic

investigations.

4.4.3. Rietveld refinement
Phase identification was performed using the search and match algorithm in X’pert
Highscore Plus (PANalytical, the Netherlands). The identified phases were quantified via

Rietveld refinement based quantitative phase analysis®’ using Topas V5 software (Bruker AXS,
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Germany). Batch analysis for the quantification of the crystalline and amorphous phases is

described in details in the SI.

4.4.4. Heat treatment under controlled atmosphere

UiO-66 and 1%Ru/UiO-66 were pre-reduced in a tube furnace. The samples were
loaded into quartz crucibles, and placed in a tube furnace. The tube furnace consists of a quartz
tube with sealed ends placed on the furnace ceramic. The tube ends are connected to gas lines
to allow the gases to flow in and out of the furnace. The crucibles were placed in one of the
three hot zones, each zone is independently controlled by a Series 96 1/16 DIN temperature
controller (Watlow, USA). The furnace temperature was calibrated with a K-type thermocouple
with an 1100 °C model digital thermometer prior to the experiment. The upstream end was
connected to a cylinder of 5% H. in Ar and the downstream end connected to an oil bubbler, to
ensure unidirectional flow. The samples were treated at 350 °C for 8 h under continuous gas

flow (heating and cooling ramp rate set to 2 °C/min).

4.4.5. Surface area analysis
Nitrogen adsorption isotherms were collected at 77.3 K using a micromeritics ASAP
2020 Surface Area & Porosity Analyser and for BET surface area analysis. The samples were

degassed under vacuum (90 mtorr) for 72 h at 110 °C prior to analysis.

4.4.6. Catalysis testing

The catalytic performance testing was performed in a custom-built high-throughput
catalyst testing rig, Flowrence™ (Avantium, the Netherlands), described in Lippi et al.? The
rig is capable of simultaneously testing 48 fixed-bed microreactors, which are distributed in 3
different blocks with independent temperature control. All reactors at a given time are subjected
to identical conditions of gas flow, composition and pressure. For validation purposes, all

experiments included positive and negative (filled with 50 mg of SiC) controls.
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20 mg of the relevant PSM-MOF precatalysts were loaded into the micro-reactors,
except for samples heat-treated in 5% Ho/Ar prior to the experiment, 20 mg of the sample
derived from the heat-treatment was loaded. Samples were first dried in pure N2 at 200 °C
(2 °C/min), then each reactor was exposed to reactive conditions: 2.08 mL Hz, 0.52 mL CO,

0.31 mL Ar, 350 °C (5 °C/min) and 4 bar.

4.4.7. Electron microscopy
High resolution TEM and High-angle annular dark-field (HAADF) images were
collected using a probe-corrected JEOL ARM200F (USA) equipped with a cold field emission

gun operating at 200 kV.

4.5. Results and discussion

4.5.1. Ex-situ activation

The majority of reported MOF-templated catalysts are generated ex situ, i.e. under
conditions different than the catalytic conditions. Previously, we have reported the synthesis
of a highly active catalyst under CO, methanation reaction conditions (i.e. in situ).?! To assess
the influence of the atmosphere in templating the active catalyst, UiO-66 and 1%Ru/UiO-66
were treated in a tube furnace under a flow of 5% H>/Ar and compared to the catalysts derived
from UiO-66 and 1%Ru/UiO-66 activated in situ. The XRD patterns collected after the
indicated treatment are displayed in Figure 3A. It is evident that the samples treated in 5% H>
display structures different from the samples tested for catalysis. When activated under catalytic
conditions, 1%Ru/UiO-66 yielded a mixture of monoclinic (m-) and tetragonal (t-) ZrO>
phases and did not display reflections that could be attributed to Ru phases. However, under
5% H> in Ar, the resulting sample was composed of tetragonal ZrO; and RuO2. The control

sample, UiO-66 also displayed different phases depending on the treatment, resulting in an
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amorphous phase when activated under catalytic conditions and in tetragonal ZrO, when treated

in 5% H> in Ar.
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Figure 3: A) PXRD patterns of the catalyst templates UiO-66 (grey) and Ru/UiO-66 (magenta),
of the samples resulting from thermal treatment under 5%H./Ar and 350 °C (*5% H2) and for
the samples treated under CO, methanation reaction conditions (“in situ”). B) Average H;
conversion during catalytic testing. The samples labelled “5% H2” were activated prior to the
catalysis testing under a flow of 5% H/Ar at 350 °C. Whereas, the samples labelled “in situ”

were templated during the catalysis testing (in situ templating). Error bars indicate standard
deviation of the data.

In addition to identifying the phases, using the position and relative intensities of the

reflections, the pattern profile also contains other useful information. For example, the presence
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of broad peaks is easily observed in the PXRD patterns of UiO-66 — 5%H>, 1%Ru/UiO-66 —
5%H>, and 1%Ru/UiO-66 — in situ (Figure 3). These result from the presence of phases with
small crystallite sizes in the samples. By analysing the peak width it is possible to extract the
crystallite domain size (Lvol-1B) from full-pattern PXRD analysis. The calculated crystallite
domain size can also be indicative of the apparent crystallite size, although the true crystallite

size will depend on the particle morphology.

Quantification of the crystalline phases of the sample derived from 1%Ru/UiO-66 —
5%H; resulted in 87.7wt% tetragonal-ZrO. (9.9 nm) and 12.3wt% RuO; (43 nm); the high
relative amount of Ru quantified indicates the additional presence of an amorphous
Zr-containing phase. In contrast, 1%Ru/UiO-66 — in situ was composed of 84wt%
monoclinic-ZrO; and 16wt% of t-ZrO.. Ru phases were not quantified using this method due
to the very small crystallite size of Ru® (2-5nm), low loading (approximately 3wt%) and
presence of amorphous Ru nanoparticles. Apart from the evident phase composition
differences, the catalytic performance of the samples also varied significantly (Figure 3B). The
catalysts activated under 5%H./Ar (1%Ru/UiO-66 — 5%H>) displayed H. conversion of 14%
when tested under the same conditions as the catalyst activated under CO, methanation reaction
conditions (1%Ru/UiO-66 — in situ), which displayed H, conversion of 92%. These results
further support the hypothesis that a H> rich environment is required to template the highly

active catalyst.

4.5.2. Amorphous Ru nanoparticles

The presence of Ru® nanoparticles (NPs) has been previously confirmed by high
magnification EDS mapping of catalysts formed under these conditions.?! The absence of
reflections for a Ru phase in the XRD patterns prompted HR-TEM investigations which
revealed the presence of both single crystal and amorphous (or multi-twinning) Ru°

nanoparticles in the range of 2 to 5 nm (Figure 4A-D). It has been reported that in case of
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platinum nanoparticles, amorphous nanoparticles can provide a different surface density of
catalytic active sites when compared to single crystals.®® The effect of amorphous arrangement
in Ru nanoparticles on catalytic sites in unknown. In addition, TEM evidence of Ru°
nanoparticles in an amorphous phase is rarely reported. The presence of amorphous Ru°

nanoparticles in this catalyst is hypothesised to underpin the high catalytic of this catalyst.

The transition from amorphous to single crystal was observed in real time during TEM
experiment (Figure 4D). The presence of single crystal in addition to amorphous nanoparticles
encouraged us to investigate its contribution to the diffraction pattern. A synchrotron powder
X-ray diffraction pattern was collected for 1%Ru/UiO-66 after catalysis testing and full pattern
Rietveld refinement quantitative analysis was performed considering hexagonal Ru®, cubic Ru®,
or tetragonal RuOg; in addition to m-ZrO, t-ZrO,. Among the Ru phases, only hexagonal Ru°
(h-Ru®) improved the fitting of the calculated pattern (Figure 4F), supporting the presence of

hexagonal Ru® in the active catalyst, even after exposure to air.
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Figure 4: High Resolution TEM (A-C) and HAADF (A’-C’) images of the catalyst derived from
1RuU%/Ui0O-66. The arrows and labels indicate amorphous (“A”) and single crystal (“SC”)
nanoparticles. D) A series of TEM images acquired during a 2 min period, where an amorphous
nanoparticle (“A”) transitions to single crystal (“SC”) due to the beam high energy. Scale bars
indicate magnification. E-F) XRD pattern collected (“Obs”) for the catalyst derived from
1RuU%/Ui0O-66, the resulting Rietveld refinement calculated pattern (“Calc”), difference curve
(“Diff”) and refined individual phase contributions for monoclinic-ZrO,, tetragonal-ZrO, and

hexagonal-Ru® as indicated in the legend. The arrow indicates a misfit between the observed and
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calculated pattern which is corrected by the addition of h-Ru® phase (t-RuO, and c-Ru® were also

evaluated for the refinement, but did not improve the fitting of the pattern).

4.5.3. In situ activation (in operando PXRD)

As the thermal reduction of 1%Ru/UiO-66 by 5% Ha/Ar produced a much less active,
and structurally different, catalyst to the material templated in situ, the phase transition during
CO2 methanation reaction conditions was studied. Accordingly, the catalyst template was
subjected to simulated CO, methanation conditions in a controlled atmosphere and temperature
variable (“in situ”) PXRD experiment.?* The collapse of the crystalline MOF structure was
observed at 330 °C resulting in an amorphous phase, which remained stable for 8 hours of

experiment with no formation of ZrO; or Ru phases.

An in operando PXRD experiment was performed using a mass spectrometer for the
simultaneous analysis of the capillary effluent gas. The 700 patterns collected over 33 hours of
experiment are displayed in Figure 5A. The temperature profile during the experiment is shown
in Figure 5B and the lowercase letters indicate changes during the experiment and are described

in Table 1 together with our observations,
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Figure 5: A) Three different views of XRD patterns offset according to dataset axis. B)
Temperature profile during the experiment, the lowercase letters indicate events and
observations described in Table 1. C) Quantitative phase analysis obtained via Rietveld
refinement of datasets displayed in A (details in SI). D) Crystallite domain size or Apparent size
(Lvol) calculated via Rietveld refinement of the crystalline phases for datasets displayed in A.
E) Mass spectrometry results for the components in the gas feed: N, H, and CO,. Mass 32 for
0O, was added to indicate periods when the mass spec was disconnected from the capillary and
was exposed to atmospheric air, the sample was constantly kept under either N or H, and CO»
flow. F) Mass spectrometry results for mass 15 and 16. Mass 16 refers to CH4 and O, whilst
mass 15 refers to the CH3 fragment from CHa4. The production of CH4 should be observed by the
combination of these two masses.

163




Results and discussion

CHAPTER 4

Table 1: In operando PXRD experimental conditions and observations for different steps of displayed

in Figure 5B.
Step Temperature Gas flow PXRD phase observations Mass spectr_ometry
observations
Rampoto 209 c Ui0O-66 (indicative of Release of solvents
a (10°C /min) N: catalyst template (water, DMF and
Held at ﬁOO Cfor1l (=10 ml/min) 196RU/UIO-66) ethanol)
our
During MOF
collapse, several
Held at 200 oC 75% H, + 25% CO, UiO-66 <330 °C organic fragmer?ts
b Ramp to 350 °C (=5 ml/min) Amorphous phase 330 °C | Were observed in
(10 °C/min) ~ P P the gas effluent, in
addition to CH.
(Figure 5F).
Held at 350 °C for | 75% H. + 25% CO; o Amorphous phase Minor production of
c : in agreement with our
>10 h (=5 ml/min) . 21 CH4
previous report
At15h temperilture 75% H, + 25% CO, Decrease of the contribution Increase in the
d ramp to 400 °C (=5 ml/min) of amorphous phase and the roduction of CH
- formation of t-ZrO,. P 4
400 °C 75% H; + 25% CO; | Increase of t-ZrO; phase and Drop in CH4
e . .
(=5 ml/min) decrease of amorphous phase production*
i 0, 0,
f Cooling to room 75/°~H2 *25% CO2 |4 7165, and amorphous phase | Atmospheric air*
temperature (=5 ml/min)
Increase of t-ZrO, phase and .
0, 0,
g Rampto500°C | ' /?izr;lfnswﬁ)coz decrease of amorphous phase Incrfgjﬁégoim
-~ below 40 wt% P
o 75% H, + 25% CO, : o Further increase in
h Ramp to 550 °C (=5 ml/min) t-ZrO; (90 wt%) CHa production
i 550 °C 75% H; + 25% CO, | t-ZrOz and formation of m- | higher rates of CH,
(=5 ml/min) ZrO; (up to 30 wt%) synthesis **
_ Cooling to room 75% H, + 25% CO, t- and m-ZrO; are kep_t N/A (mass
j temperature constant as well as their spectrometer

(=5 ml/min)

crystallite sizes.

disconnected)

* Condensation of H,O (side-product of CO, methanation) was noted to be blocking the effluent gas line,
obstructing mass spectrometer sampling (Figure S10). The experiment was paused (step f) in order to dry the nylon
tubing connecting the flow-through cell to the mass spectrometer. For safety reasons, temperature was required to
drop to room temperature before disconnecting the line from both the capillary and the mass spectrometer. PXRD
data was collected during the cooling period. After drying the nylon tubing under a stream of high purity Ny, it
was reconnected to the mass spectrometer and to the capillary and the experiment was resumed. ** Condensation
of H,O was again observed and affected sampling by the mass spectrometer. Mass spectrometer is disconnected

(step j).

The temperature during the experiment was increased from 350 to 550 °C to assess the

hypothesis that the flow of cold gas through the catalyst plug, caused the real temperature of

the sample to be lower than the set temperature. This hypothesis was based on our previous
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report on the effect of temperature (250, 300 and 350 °C) in the MOF-templating of Ru%/ZrO;
via ex situ PXRD analysis,?! it was observed that at lower temperatures, poorly crystalline
t-ZrO> is formed alone and at higher temperatures, t-ZrO, and m-ZrO, are formed with slightly
larger apparent crystallite size. Furthermore, according to the thermodynamic equilibrium
calculations by Gao et al. and assuming a consistent catalytic phase, the CH4 yield at the
thermodynamic equilibrium conditions is less favourable with increasing temperatures: 90% at
350 °C and 60% at 500 °C at 1 bar.*° Although the real temperature could not be defined, these
reports support our hypothesis that heat-transfer of the cold gas flow affecting the real
temperature of the sample. Setting higher temperatures (500 and 550 °C) we are able to observe
the formation of phases that correspond to the highly active MOF-derived catalyst and observe

a drastic increase in catalytic activity.

The crystalline structure of the post-synthetically modified MOF 1%Ru/UiO-66
collapses at 330 °C (set temperature) in the presence of the reactive gases (80%H2/COz) with
the release of different organic fragments.?* The remaining solid is amorphous which gives rise
to an increase in the background contribution of the XRD patterns. This contribution from the
amorphous phase to the patterns was quantified by modelling the background increase via
Rietveld refinement and considered in the quantitative phase analysis (details in SI). The
quantitative phase analysis demonstrated that the amorphous phase is stable for over 10 h at
350 °C (set temperature). We note that this phase was inactive for the production of CHs
(Figure 5F, mass 15). Upon increasing the temperature, the amorphous phase undergoes a
transition to form ZrO, nanoparticles, initially t-ZrO> is formed and the catalyst begins to show
moderate CHa production. At even higher temperatures, m-ZrO; is formed in addition to t-ZrO»
and the amorphous phase is no longer observed. The increase in temperature also caused the
growth of the crystallite sizes, although they remained below 20 nm, considerably smaller than

the crystallite size of the template. In addition, the catalytic production of CHs is almost five
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times greater. While a direct correlation between the high catalytic activity and the formation
of nano-ZrO, was observed, this experiment cannot attribute catalytic activity to it. Since no
Ru crystalline phases (Ru® or RuO,) were identified, it is reasonable to assume that they are in

an amorphous form, in agreement with the used catalyst (Figure 4).

4.5.4. Loading of Ru in UiO-66

PXRD patterns of materials formed from different loadings of Ru in the UiO-66
MOF-template are displayed in Figure 6. The effect of the precatalyst’s Ru loading on the
catalytic performance has been previously reported,?* and these results are reproduced in
Figure 6, alongside new structural data of the derived catalysts. In the absence of Ru (i.e. 0%
loading), UiO-66 produces an amorphous phase, which remains stable during the entire
catalysis testing (over 90 hours) even after exposure to atmospheric air. Ruthenium is the
catalytic metal and its presence, even in small amounts, is sufficient to drive the crystallisation
of ZrO,. For example, as little as 0.25%Ru/UiO-66 generated ZrO» nanocrystals of 6.3 nm
apparent size (64% t-ZrO; and 36% m-ZrO). The low content of Ru caused the catalyst to
display low catalytic activity (H> conversions of 16%). Higher H> conversions were observed
with increasing the amount of Ru in the template-MOF; for example, the catalyst derived from
1%Ru/Ui0-66 shows H2 conversion of 95%. The structure of this catalyst, 1%Ru/UiO-66, is
also composed of ZrO; nanoparticles (9.6 nm), however it presents a higher monoclinic ZrO>
content (84% monoclinic and 16% tetragonal). Considering that the catalyst was achieving the
thermodynamic equilibrium of the CO, methanation reaction, it is not possible to affirm that a
higher amount of Ru did not lead to catalyst deactivation, however, no decrease in the overall
H> conversion was observed for samples derived from 1.25% to 2% Ru/UiO-66. The samples
1.5% and 2% Ru/UiO-66 were selected as examples of higher loading for the structural
evaluation. These two samples displayed very similar structures, exhibiting 7.6 and 7.3 nm

average ZrO; nanoparticle sizes for 1.5% and 2%Ru/UiO-66, respectively, and composition
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of 70% m-ZrO2 and 30% t-ZrO,. These results indicate that, under CO2 methanation conditions,
ZrO; formation is assisted by the presence of Ru; a low amount of Ru directs the formation of

t-ZrO; and higher loadings of Ru cause the final sample to have higher amounts of m-ZrO..
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Figure 6: A) Ex situ XRD patterns of the catalysts derived from MOFs with different loading of
Ru/UiO-66. The dashed lines indicate peak position of m-and t-ZrO,. (The sharp peaks are from
the highly crystalline SiC used as a catalyst diluent during the catalysis tests). B) Catalytic H»
conversion (Xu2) observed for the catalysts derived from different loadings of Ru/UiO-66,

quantification of m- and t-ZrO; phases, and average apparent crystallite size (Lvol).

45.5. Linker changes in Zr-MOFs
Functionalization of linkers has been demonstrated to provide benefits for the
composition control of MOFs and for MOF-derived catalysts. For example, amine groups in

MOFs have been strategically used to improve the dispersion of secondary metal precursors
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within the framework pores for the encapsulation of metal nanoparticles in MOFs.*#2 In MOF-
derived materials, pyrolysis of MOFs with N-containing linkers has been demonstrated to
produce N-doped carbon matrices.?® We hypothesised that linker functionalization could
influence the final catalyst structure by affecting dispersion of Ru within the template MOF and
the derived support. Accordingly, the templating of Ru/ZrO, catalysts was evaluated by
synthesising Zr-MOFs with the linkers displayed in Figure 7A. The structure of the synthesised
Zr-MOFs were evaluated by means of XRD analysis. Crystalline UiO-66, UiO-67,
UiO-66-NH, were successfully synthesised. The synthesis of UiO-66-(OH). and
UiO-66-SOsH yielded coordination polymers with low surface area (11 and 29 m?/g,
respectively) and low crystallinity observed by the significantly broaden reflections relative to
Ui0-66, but with the same relative intensities. The synthesis of UiO-66-PYDC with HCI as
modulator yielded an amorphous coordination polymer. Amorphous UiO-66-PYDC has been
recently synthesised by Wang et al. in the absence of a modulator, whereas they obtained
crystalline UiO-66-PYDC using acetic acid as modulator® Lastly, UiO-66-PZDC, also
displayed medium surface area (139 m?/g) lower crystallinity, although the broad reflections
obtained in XRD diffractograms were found to have similar relative intensities to UiO-66. A
Zr-PZDC MOF (CAU-22) was recently synthesised by Waitschat et al.** However, in order to
obtain a crystalline material, formic acid was used as a modulator resulting in a topology
dependent on presence of 2 formate anions per hexanuclear Zr-node. This topology was
significantly different from UiO-66 and from the material we obtained, verified by comparing

XRD patterns with the reported structure.
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Figure 7: A) XRD patterns of the synthesised Zr-MOFs. B) MOF ligands and respective MOF
label in brackets. C) XRD patterns of the catalysts templated from the respective Ru-impregnated
Zr-MOFs. D) Catalytic activity represented by H, conversion (left y-axis) versus ZrO, phase’s
relative composition (m-ZrO; bottom x-axis and t-ZrO; top x-axis) and composition weighted
average crystallite size (right y-axis). Lowercase letters refer to the different samples as indicated
in B.

These zirconium MOFs and coordination polymers were impregnated with RuCls via
IWI method (Figure S2) to achieve loading of 1wt% Ru/MOF. Next, they were loaded into
microreactors for the activation of the catalysts and for the parallel catalytic performance
testing. Both were carried at 350 °C and 4 bar. Figure 7D presents the Hz conversion results
(left axis) during CO> methanation for the samples indicated by the lowercase letters. High Hx
conversions were observed for the catalysts derived from 1%Ru on UiO-66 (92%),
UiO-66-NH: (87%), UiO-66-PYDC (87%), UiO-66-PZDC (96%) and UiO-67 (90%). The

catalytic activity was not affected by the use of 4,4’-biphenyldicarboxylate, or N-containing

169



Results and discussion CHAPTER 4

linkers when comparing to BDC. Furthermore, the catalytic activity was also independent of
the crystallinity of the MOF. In fact, among these samples, the highest conversions were
observed for the catalyst derived from 19%Ru/UiO-66-PZDC, with average conversion of 96%.
Catalysts derived from 1%Ru/UiO-66-(OH)2 and 1%Ru/UiO-66-SOsH showed the lowest

conversions of the set, 8% and 7% respectively.

The MOF-derived catalysts were characterized by XRD (Figure 7C). The most active
samples (1%Ru on UiO-66-NH;, UiO-66-PYDC, UiO-66-PZDC and UiO-67) were
composed of a mixture of monoclinic and tetragonal ZrO, with apparent crystallite sizes
between 6 and 10 nm (Figure 7C-D), whereas the material derived from 1%Ru/UiO-66-(0OH)>
was composed only of t-ZrO» with very small apparent size (3 nm). The 1%Ru/UiO-66-SOsH
produced an amorphous phase, similar to bare UiO-66 (Figure 6 — 0%Ru loading). To explain
this lower activity of catalysts derived from these two MOFs, we first considered some of their
physical properties; both MOFs have very low surface area, are non-porous (Figure S3) and
have low crystallinity. However, these properties do not seem to dictate the quality of the
derived catalysts as 1%Ru/UiO-66-PYDC is amorphous, non-porous and has a low surface
area, but templates a highly active catalyst. That led us to hypothesise that steric effects of the
functional groups (SOsH and OH) may obstruct the pores, inhibiting the dispersion of Ru®* salt
through the coordination polymer, and also affecting the crystallisation of ZrOx. In the case of
1%Ru/Ui0-66-NH2, the functional group is much smaller and the material is crystalline,
ensuring the presence of channels that facilitate the impregnation of the Ru®* solution. In the
specific case of 1%Ru/UiO-66-SO3H we acknowledge the possibility of poisoning of Ru by

sulfur, but further experiments would be necessary for confirmation.

The N-containing linkers yielded catalysts with lower relative content of m-ZrO; (from
31 to 42%, with the remaining being t-ZrO>) than the catalysts derived from 1Ru%6/UiO-66

(88%) and from 1Ru%/UiO-67 (68%). Interestingly, the templates with linkers containing 1 N
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atom (1%Ru/Ui0-66-NH2 and 1%Ru/UiO-66-PYDC) produced catalysts with very similar
relative composition monoclinic to tetragonal, whereas the template 1Ru%/UiO-66-PZDC,
containing 2 N atoms per linker, displayed the lowest amount of m-ZrO- (31% m-Zr0O,). Lastly,
the use of a template with the same topology as UiO-66, but longer linker (1%Ru/UiO-67)
yielded a highly active catalyst composed of 68% m-ZrO;and average crystallite size of 7.5 nm
(compared to 1%Ru/UiO-66 with 88% m-ZrO; and 9.7 nm). These differences might be caused
by the higher amount of carbon in the sample or larger distances between the inorganic nodes,
however the variance is small and more experimentation would be necessary to be conclusive

on the effect.

This study demonstrated how the linker functional groups can affect the final catalysts.
Crystallinity of the MOF-template was not needed to produce highly active catalysts. However,
large functional groups in poorly crystalline MOFs are hypothesised to obstruct infiltration and
distribution of Ru precursor solution and lead to low activity catalysts with structures distinct
from the active catalysts in both phase composition and crystallite size. Templates with linkers
containing N produced catalysts with higher content of t-ZrO,, irrespective of their crystallinity,

but with activity as good as to the positive control 1%6Ru/UiO-66.

4.5.6. Impregnated Metal in UiO-66

The effect of the impregnated metal in the synthesis and performance of catalysts via
MOF-templating route was evaluated by impregnating UiO-66 with different metals commonly
used in catalysis. For this study, RuCls, Zn(NOs)2, FeCls, CuClz, or Co(NOz). were impregnated
within UiO-66 via IWI to yield 1wt% Metal/UiO-66. These post-synthetically modified MOFs
were then subjected to CO. methanation reaction conditions (350 °C and 4 bar) for in situ
templating of the catalysts and for subsequent evaluation of catalytic performance. The catalytic

performance and structure of the derived catalysts were evaluated and are discussed below.
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The activity of the catalysts was evaluated by considering their H, conversion
efficiency. For the metals trialled here, Ru exhibited the highest conversion efficiency. The
activity order from higher to lowest was Ru (92%), Fe (11%), Co(10%), Zn(9.6%), and Cu(5%)
(Figure 8B). This order of activity is in agreement with previous observations on hydrogenation
capacity.**#® In addition to differences in conversion, the product distribution also varied
depending on the metal. Notably, the catalyst derived from 1%Ru/UiO-66 displayed the
highest production rate of CH4 (0.89 mmol/min) while also having the lowest production rate
of CO (0.0005 mmol/min), indicative of the very high selectivity to CHs already reported for
this system.?! The catalysts derived from other metals displayed much lower production rate
for CH4 and higher production rate for CO. In addition, CsHg (0.4 pumol/min) and ethanol
(0.05 umol/min) were produced in trace amounts for the catalysts derived from 1%2Zn/UiO-66

and 1%Fe/UiO-66, respectively (Figure 8C).
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Figure 8: A) XRD patterns for MOF-derived catalysts from 1wt%Metal/UiO-66 (where Metal
was Ru**, zZn®*, Fe**, Cu®, or Co?") after catalytic testing. B) H. conversion results for the
MOF-derived catalysts. C) Production rate observed for different hydrocarbons as presented in
the legend). Logarithm scale was used for the evaluation of trace amounts. Sharp reflections

were investigated and are due the presence of SiC, used as catalyst diluent.

XRD analysis of the used catalysts confirmed the absence of reflections corresponding

to UiO-66, indicating the complete collapse of the MOF. However, only the catalyst derived

172



Results and discussion CHAPTER 4

from 1%Ru/UiO-66 contained clear reflections for ZrO,. The catalysts derived from
1%2Zn/Ui0O-66 displayed broad peaks with positions suggestive of the presence of poorly
ordered t-ZrO,. For the other metals, the final phase was amorphous and similar to a material

derived from pure UiO-66 (Figure 6 — 0%Ru loading).

The clear formation of ZrO. for the sample containing Ru and the different degrees of
formation of t-ZrO,, may be correlated to the hydrogenation activity of the metals. Ru is
significantly more active for hydrogenation than the other metals tested in this work.*® This
may have consequence not only for the final catalyst, but also for the templating mechanism of
the catalyst. For instance, in Chapter 2 the impregnated active metal was demonstrated to assist
in the decomposition of the organic linkers of the MOF; when the active metal was absent, the
template generated an amorphous phase rich in carbon and nitrogen (both atoms present in the
linker). Therefore, a less active metal, or the absence of metal, will be less efficient in the
volatilisation of the organic linkers to facilitate the crystallisation of the support metal oxide
(e.g. ZrOy). Furthermore, the generation of a C-rich amorphous phase may lead to covering of
the active metal, decreasing the overall access of gases to the active metal and yielding a
low-performing catalyst. This study supports the hypothesis that for the Ru/UiO-66 systems,
the role of the active metal in the templating is to decompose the organic linkers to facilitate

the crystallisation of ZrO..

4.5.7. MOF node metal — templating a different metal-oxide support

To investigate the possibility of templating Ru catalysts using different metal oxides as
supports, a cerium(lV)-based MOF with structure analogous to UiO-66 (Ce-UiO-66) was
synthesised (Figure 9A) and impregnated with RuCls to yield 1%Ru/Ce-UiO-66. This sample

was compared to 1%Ru/UiO-66 for its catalytic performance for CO, methanation. In addition,
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non-impregnated versions of the MOFs, Ce-UiO-66 and UiO-66, were also tested as controls
(Figure 9B-C).
A |
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Figure 9: A) XRD patterns of UiO-66 and Ce-UiO-66 and of the templated catalysts derived from
1%Ru/MOF. The MOFs, UiO-66 and Ce-UiO-66, display analogous structures. The MOF templated
samples produced nanocrystalline metal oxides of the respective template metal nodes (m- and t-ZrO,
and cubic-CeQy). In both cases, reflections indicative of Ru phases were absent. B) Average H;
conversion for catalysts derived from MOFs and Ru/MOFs, specified in the y-axis. Error bars indicate
standard deviation of the data. C) Production of CH. during the catalytic testing for catalysts derived
from MOFs and Ru/MOFs, specified in the y-axis. Samples were in situ activated at 350 °C prior to
testing at 250 °C.

The catalytic performance testing indicated that the MOF-templated catalyst Ru/ZrO;

performed better than Ru/CeO, at 250 °C, but had similar performance at 350 °C.
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(Figure 9B-C), achieving H2 conversions over 90%, close to the thermodynamic equilibrium.
The controls, UiO-66 and Ce-UiO-66 generated catalysts with very low H, conversions (13

and 7%, respectively, at 350 °C), and only trace amounts of CHa.

The structure of the catalyst derived from 1%6Ru/Ce-UiO-66 was analysed using PXRD
(Figure 9A). The final structure was composed of nanosized cubic CeO; with no crystalline Ru
phases observed. The sample derived from bare Ce-UiO-66 was amorphous. These results were
in agreement with the samples prepared with Zr-UiO-66, where the sample derived from bare
UiO-66 transformed into an amorphous phase and the sample of 1%Ru/UiO-66 formed
nano-ZrO. (Figure 6). The MOF-templating of Ru/CeO. was assessed in a second in operando
PXRD experiment (Figure S11) using 1%Ru/Ce-UiO-66 as starting material observed under
CO2 methanation reaction conditions. The study demonstrated similarities between the two
samples: collapse of the MOF forms an amorphous phase which at higher temperatures
crystallises into nanosized ceria; increase in the activity is observed during the crystallisation

of the sample; and absence of Ru phases’ reflections throughout the experiment.

This study provides evidence that this MOF templating route can be used for the
synthesis of metal nanoparticles supported on different metal-oxides. In addition, it also
indicates similarities in the templating process, where the active metal is necessary to assist

with the crystallisation of the support metal oxide.

4.5.8. Support ZrO; phase

Thermal decomposition of UiO-66 in air has been previously studied to form mainly
t-ZrO; as the decomposition product;*’® the m-ZrO, phase has also been observed in small
amounts after treatment at 800 °C.*® These examples show that t-ZrO; is the phase
preferentially formed from the decomposition of UiO-66. We observed that the catalyst derived

from 1%Ru/UiO-66 during CO, methanation reaction conditions produced a catalyst with over
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80% m-ZrO.. Previously, the high content of m-ZrO, has been assigned to the transformation
that tetragonal ZrO> undergoes at high temperatures in the presence of water, a side-product of
the CO2 methanation.?>%° However, it has not been yet been established if the monoclinic phase
of ZrO, is directly correlated to the high activity of the catalyst. In the study of different linkers
of Zr-MOFs, we noted that catalysts derived from N-containing linkers displayed H2 conversion
from 87 to 96%, while having less than 42% m-ZrO, evidence that high catalytic performance
can be achieved even with lower amounts of m-ZrO. However, we note that the catalysts were
operating at the thermodynamic equilibrium of CO. methanation, and differences in catalytic
activity may not have been observed for this reason. When comparing different metal oxide
supports, the study with Ru/Ce-UiO-66 has shown that the MOF-templated Ru/CeO- displays
H> conversion of 16% at 250 °C, against 52% by the MOF-templated Ru/ZrO,. This result
confirms the importance of the support ZrO, for the high activity of the Ru catalyst. We are

currently pursuing studies that will define the most ZrO, polymorph.

4.6. Conclusions
This work has described a systematic study of the MOF-templated catalyst Ru%/ZrO;

derived from 1%Ru/UiO-66 by evaluating the catalytic performance and structural information
of different samples. A Hz-rich atmosphere was required for the activation of the highly active
Ru%ZrO; catalyst. During templating in 75%H./CO>, the MOF structure collapsed forming a
catalytically inactive amorphous phase, which at higher temperatures crystallised into a mixture
of t-ZrO, and m-ZrO, with high catalytic activity. The lack of PXRD reflections of Ru° has
been attributed to the size of Ru® nanoparticles and to their presence also in amorphous (or
multi-twinning) states. Other synthesis methods, direct impregnation®! of Ru precursor on ZrO;

and MOF-templating in 5% H./Ar, have led to catalysts with poor performance, demonstrating
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the importance of MOF-templating in a Ho-rich atmosphere strategy for the phase and

morphology control the high-performing catalyst.

Variations in Ru loading in the template MOF demonstrated that Ru, even in small
amounts dictated the formation of ZrO», due to its hydrogenation properties. In the absence of
Ru under the same templating conditions UiO-66 formed an amorphous phase. This amorphous
phase was similar to the materials derived from UiO-66 impregnated with metals that are less
active for hydrogenation. The use of different linker for template Zr-MOFs demonstrated that
linkers can influence the final catalyst structure and performance. Highly active catalysts were
templated from MOFs containing linkers with N irrespective of their crystallinity, however,
these catalysts contained a lower content of m-ZrO, than catalysts derived from Ru/UiO-66 and
Ru/UiO-67. The Zr-MOFs with linkers H.BDC-(OH). and H.BDC-SO3H were observed to
inhibit the synthesis of the highly active catalyst, we hypothesise that steric effects caused by
the functional groups cause poor distribution of Ru precursor in the template MOF and we are
further investigating the template and derived materials to elucidate these results. Lastly, the
use of a Ce-based MOF analogous to UiO-66 was demonstrated to also produce a Ru%/CeO;
catalyst also active for CO, methanation. The catalysts displayed several similarities with the
Zr-analogue, including the nanoparticulate nature of the support, the lack of Ru PXRD
reflections and the transition undergone by the MOF during catalyst templating, demonstrating

that different support materials can be achieved by the selection of appropriate MOFs.
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A. Experimental methods

A.1 Materials

zirconium (IV) chloride anhydrous (ZrCls) 99.99% Sigma Aldrich (Australia),
Ammonium cerium(IV) nitrate (Ce(NH4)2(NOs)s) 98.5% Sigma Aldrich (Australia), Zinc
nitrate hexahydrate (Zn(NO3)26H.0O) 98% Sigma Aldrich (Australia), Copper(ll) chloride
dehydrate (CuCl2H20) 99% Sigma Aldrich (Australia), Cobalt(ll) nitrate hexahydrate
(Co(NO3)226H20) 98% Sigma Aldrich (Australia), Iron(lll) chloride hexahydrate
(FeClz*6H20) 98% Sigma Aldrich (Australia), ruthenium(l1l) chloride trihydrate (RuClz*3H.0)
99% PMO Pty Ltd (Australia), terephthalic acid (H.BDC) 99% Acros Organics (Great Britain),
Biphenyl-4,4'-dicarboxylic acid (H.BPDC) 97% Sigma Aldrich (Australia), 2-
aminoterephthalic acid (H:BDC-NH;) 99% Sigma Aldrich  (Australia), 2,5-
dihydroxyterephthalic acid (H:BDC-(OH)2) 98% Sigma Aldrich (Australia), 2-
Sulfoterephthalic Acid Monosodium Salt (H.BDC-SO3Na) 98% Tokyo Chemical Industry Co
Ltd (Japan), 2,5-pyridinedicarboxylic acid (H.PYDC) 98% Sigma Aldrich (Australia), 2,5-
Pyrazinedicarboxylic acid dihydrate (H2PYRC) 96% Sigma Aldrich (Australia), N-N-
dimethylformamide (DMF) 99.8% Merck Pty. Ltd. (Australia), diethyl ether (DEE) for analysis
Merck Pty. Ltd. (Australia), hydrochloric acid (HCI) 32% Merck Pty. Ltd. (Australia), acetic

acid 100% Merck Pty. Ltd. (Australia),
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A.2 MOF syntheses
Table S1: Quantities used for the synthesis of the MOFs.
y _ ligand ligand Metal Metal Modulator DMF
OF sample ligand (mmol) (mg) Metal precursor | precursor | precursor | Modulator | volume (mL)
(mmol) (mg) (mL)
Uio-66 H.BDC 3.75 623 ZrClg 2.7 629 HCI 5 75
UiO-66-NHz | H.BDC-NH2 3.75 679 ZrClg 2.7 629 HCI 5 75
Ui0-66-(OH)2 | H2BDC-(OH)2 |  5.05 1000 ZrClg 5.05 1177 | Acetic acid 16 148
Ui0-66-(SO3H) | H.BDC-SOsNa |  3.73 1000 ZrClg 3.73 869 | Acetic acid 16 148
Ui0-66-PYDC | H.PYDC 0.75 125 ZrClg 0.54 126 HCI 1 15
Uio-66-PZDC | H.PZDC 0.75 153 ZrClg 0.54 126 HCI 1 15
Uio-67 H.BPDC 3.75 908 ZrClg 2.7 629 HCI 5 75
Ce-UiO-66 H.BDC 1.92 319 | (NH4)2Ce(NO3)s| 1.92 1051 H20 3.6 10.8
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Figure S1: A) PXRD of the synthesised Zr-MOFs and B) the ligands used for each of the respective
MOFs in brackets.

A.3 Post-synthetic modification

A.3.1 Incipient wetness impregnation (IWI) method

Incipient wetness impregnation (IWI) method

\ /Ruc|3(aq) solution

added Vpo{es

RuCl; impregnated within
ConcRuCl3_mRu pores

UiO-66 pores

impregnation with
RuClj; solution

Drying at 80 C

UiO-66

Ru/UiO-66

Figure S2: Scheme showing the incipient wetness impregnation method used to obtain Ru/UiO-66 and

MOFs impregnated with other metal precursors.
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A.3.2 Loading

Table S2: Quantities used for the impregnation of UiO-66 with different loadings of Ru.

sample Ru loading (%) |Mass RuCls.3H20 (mg) %?S?G%U(png;;t H.0 vol (uL)
1.00%Ru/UiO-66 1.00 6.5 250 345
0.25%Ru/UiO-66 0.25 16 250 345
0.50%Ru/UiO-66 0.50 32 250 345
0.75%Ru/UiO-66 0.75 49 250 345
1.25%Ru/UiO-66 1.25 8 250 345
1.50%Ru/UiO-66 1.50 9.7 250 345
1.75%Ru/UiO-66 1.75 11.3 250 345
2.00%Ru/UiO-66 2.00 12.9 250 345

A.3.3 Ligands and MOFs

Table S3: Quantities used for the impregnation of MOFs with 1% loadings of Ru.

sample MOF sample |Ru loading (wt%) |Mass RuCls.3H20 (mg) |Mass MOF (mg) | H-20 vol (uL)

1%Ru/Ui0-66-NH2 | UiO-66-NH. 1 6.5 250 345
1%Ru/UiO-66-(0H). | UiO-66-(0OH); 1 6.5 250 345
1%Ru/Ui0-66-(SOsH) | UiO-66-(SO3H) 1 6.5 250 345
1%Ru/UiO-66- PYDC | UiO-66-PYDC 1 6.5 250 345
1%Ru/Ui0-66-PZDC | UiO-66-PZDC 1 6.5 250 345
1%Ru/UiO-67 Uio-67 1 6.5 250 345
1%Ru/Ce-UiO-66 Ce-UiO-66 1 6.5 250 345

A.3.4 Metal

Table S4: Quantities used for the impregnation of UiO-66 with 1% loadings of different metals.

Sample  |Metal loading (wt%) | Metal precursor |Mass (mg) | Mass Ui0-66) | Hz0 vol (uL)
1%2Zn/UiO-66 1 Zn(NOs)2'6H.0 |  11.37 250 345
1%Fe/UiO-66 1 FeCl3*6H.0 12.1 250 345
1%Cu/UiO-66 1 CuCl:2H20 6.71 250 345
1%Co/UiO-66 1 Co(NO3)*6H,0| 12.35 250 345
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B. Porosity

With regards to surface area, different batches of UiO-66, UiO-67 and UiO-66-NH>

displayed high surface area and isotherms in agreement with previous reports? UiO-66-(OH).

and UiO-66-SOsH displayed type 1V isotherms with mild hysteresis type H4, indicating the

presence of some micro-mesoporosity.® UiO-66-PYDC displayed type Il isotherms indicating

a non-porous material.® Lastly, UiO-66-PZDC displayed a type IV isotherm with hysteresis

type H2(a), indicating the presence of complex pore structures.> CAU-22 (Zr-PZCD) reported

by Waitschat et al.* did not display the same hysteresis, further supporting differences between

the two structures.

Table S5: BET surface area values.
Sample BET Surface area (m?/g)
UiO-66-(OH), 11.3502
Ui0-66-SO3H 28.3089
UiO-66-PYDC 50.2142
Ui0-66-PZDC 138.9884
200
180 voss o2 UiO-66-(OH)2 f
= 160 SRS = «Ui0-66-SO3H
2140 ——Ui0-66-PYDC
5 120 Uio-66-PZDC
el
_8 100 0.2 0.4 0.6 0.8 1
[=}
2 80
(0]
2 60
S 40
c 20 b ' ‘ %
0 SR e s i e e i S U
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Figure S3: N sorption isotherms.

Relative pressure (p/py)
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Figure S6: TGA of UiO-66-PYDC.
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Figure S7: TGA of UiO-66-PZDC.
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D. Powder X-ray diffraction
Powder X-ray diffraction patterns were collected with synchrotron and with laboratory
source X-rays. The X-ray source and respective energy for each image presented in the

manuscript are described below:

e Figure 4A: Synchrotron 15 keV
e Figures 6, 7A, 8B, 9A and 10A: Synchrotron 16 keV
e InFigure 8A, the energy used for the samples analysed in synchrotron source or lab
source are described below:
o Ui0-66, UiO-66-NH2, UiO-66-(OH)2, UiO-66-SO3H: synchrotron
radiation E = 15 keV
0 Ui0-66-PYDC, UiO-66-PZDC and UiO-67 collected with lab source Cu
radiation E = 8.04 keV

For comparison, the diffractograms of UiO-66-PYDC, UiO-66-PZDC and UiO-67
displayed in Figure 8A collected using lab source at 8.04 keV were plotted for E = 15 keV using

Eq. 6:

Planck—Einstein relation

E=hsz=h% (Eq. 1)
E,=h=
A E A
Ezzhil:ElllezlzzE_l:ﬁ (Eq. 2)
A2
Bragg’s law
nA = 2d - sinf (Eq. 3)
. na _ nly _ niy Az __ sin(6z)
" 2:sind = dl - dz = 2-sinf, - 2-sinf, = A1 - sin(61) (Eq 4)

Combining Eq. 2 and 4

ﬂ:’1—2—Mzsin(%)Zsin(ﬂ)-ﬂ (Eq. 5)

E, A1 - sin(61) 2 E,

20, = sin~! (sin (ﬂ) . ﬂ) 2 (Eq. 6)

2
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D.1 Rietveld refinement

Rietveld refinement is a least-squares method to refine a calculated model based on the
observed pattern profile.> The method seeks to minimize the difference between observed and
calculated patterns (R_wp). For the models to be calculated the structures and background
functions should be manually defined and selected structural parameters and individual phase
scale factor are refined. Here, the crystalline structures considered are: monoclinic ZrO.,
tetragonal ZrO and UiO-66.° Parameters refined include: scale factor, unit cell parameters, and

Lvol (Lvol values were extracted from peak width and shape using Integral breadth).

D.1.1 Amorphous phases fitting
Using the pattern of first dataset, which presented the starting materials, UiO-66, in the

most crystalline form, the capillary background was refined using six pseudo-voigt peaks. Once
the capillary background was refined for this patter, the relative intensities of this capillary
phase were fixed and associated with a scale factor, capable of multiplying intensity of the
peaks while keeping the relative intensities constant. Next, the first completely amorphous
dataset pattern was selected and refined only with the capillary phase. A misfit between the
calculated and observed data was observed, which was due to the amorphisation of the sample,
to assign the contribution another phase was created by adding a total of five pseudo-voigt
peaks and they were refined to improve the fit of the phase. Once the relative intensities were
adequate to comprise the amorphous phase, the relative intensities of these 5 peaks were fixed
and another scale factor was assigned to the amorphous phase. The peaks group of the
amorphous phase was verified on other datasets of the amorphous region before the batch

refinement.

D.1.2 Batch Rietveld refinement
As over 700 datasets were collected in total, 93 patterns were selected to be

representative of the total phase transition. Where phase transitions were observed, more

datasets were selected and where the phase was stable, less datasets were selected for the
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analysis. In total 5 phases were refined: UiO-66, monoclinic ZrO, tetragonal ZrO2, amorphous
peak phase and capillary peak phase. The datasets were evaluated for the presence of crystalline
phase. Accordingly, datasets collected in the first 8 hours, were refined for UiO-66, amorphous
peak phase and capillary peak phase, whereas datasets collected after the first 8 hours of
experiment were refined for m-ZrO., t-ZrO,, amorphous peak phase and capillary peak phase.
The datasets were refined in sequence using the launch mode of TOPAS V5.” The refined values
of the previous dataset were used as starting point for the refinement of the subsequent dataset.

An example of input file is presented at the end of this document.

D.1.3 Indirect quantitative phase analysis
Direct quantitative phase analysis via Rietveld refinement is only possible for crystalline

phases,® however, as the amorphous phase contribution is observable and the sample is
contained within the capillary (i.e. no material added or removed), the indirect quantitative
phase analysis of this amorphous phase is possible. In this work, the maximum scale factor
(Figure S7 A) observed for the amorphous phase was defined as 100 wt% amorphous phase

content, with proportional values for other values of scale factor.

The results from the direct quantitative phase analysis of the crystalline phases (UiO-
66, m-ZrO, and t-ZrOz) were considered for the remaining phases (i.e. not-amorphous content).
When considering the crystalline phases, misquantification of phases was noted due to the
amorphisation of the sample. Apparent crystallite sizes (Lvol-IB) close to the minimum limit
are evidence of the misquantification (Figure S7 C and D). Figure S7 C shows the independent
quantification of the amorphous phase and the crystalline phases and Figure S7 D shows the

apparent crystallite size (Lvol-1B) constant and value on the minimum limit.
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Therefore, the quantification of the phases, including the amorphous phase was

calculated using the following equation:

/100 _ SFAmorphous : 100\

W = W . SFAmorphousMAX
%Crysphasereal - %CrysphaseRietveld \ 100
Where:
o Wy, is the weight percentage considering the amorphous phase,

Crys phase real

presented in Figure 7;

Wotrs phase rietveld is the weight percent of a crystalline phase calculated directly
via Rietveld refinement (Figure S7 C);

*  SFimorpnous max 1S the maximum scale factor observed for the amorphous phase
(1.08), where the sample is completely amorphous;

*  SFimorpnous 1S the scale factor for the respective dataset.

No other manipulation was performed in the data.
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Figure S8: Rietveld refinement results: A) Scale factors for the two fitted amorphous phases: capillary
and MOF-derived amorphous phase; B) Weighted profile R (Rwp); C) Quantitative phase analysis as

obtained from the refinement; D) Apparent crystallite size (lvol).
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Figure S9: Photo of in operando PXRD set-up.
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Figure S10: Photo of water drop in effluent gas nylon tubing, affecting mass spectrometry data

collection.
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D.2 Inoperando PXRD of Ru/Ce-UiO-66

The collapse of the Ce-UiO-66 could be observed by the simultaneous decrease in the
amount of the MOF (Figure S9 B) and Lvol (column weighted volume length) values
(Figure S9 C). The collapse of the MOF triggered the production of methane (Figure S9 D); the
CHa production rate increased with the amount of CeO> present in the phase. The associated
H20 production caused the gas effluent line to be obstructed by condensation (Figure S9 D,
dashed line 4). Even with the interruption of the MS analysis, the subsequent observation of
droplets in the line was an indicative of the high CH4 production. The final phase agreed with
the MOF-templated catalysts (Figure 10). The data indicates that around 250 °C an amorphous
phase is formed, and after 2 hours it crystallizes into cubic ceria nanoparticles (Lvol-integral

breadth = 9 nm).

Throughout the experiment, no Ru phase was observed. The apparent presence of RuO;
(Figure S9 B) should be disregarded as inspection of the results indicated the phase was fitted
as contributing to the background and not improving reflection fit. The absence of the Ru
crystalline phased in the diffractograms suggested that the presence of Ru NPs or amorphous

Ru.
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Figure S11: Catalyst MOF-templating Operando PXRD results. A) PXRD diffractograms stacked

horizontally along time axis. Colours in heat-map indicate intensity counts; B) Rietveld quantitative

phase analysis, QPA, and temperature; C) apparent crystallite size, Lvol; and D) mass spectra of

different species collected during the experiment. Dashed vertical lines indicate key transitions: 1 and
2) change of gas flow from N, to CO,+H,, 3) collapse of UiO-66(Ce) structure, 4) end of mass spec
reading due to H>O condensation in the line obstructing effluent gas analysis.
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E. Catalysis results

1%Ru/UiO-66

1%Ru/UiO-66-NH2

1%Ru/UiO-66-(OH)2 =

1%Ru/UiO0-66-SO3H

1%Ru/UiO-66-PYDC

1%Ru/Ui0-66-PZDC

1%Ru/UiO-67

Figure S12: Catalysis results displayed in Figure 8 C with error bars indicating standard deviation of
the data.

Table S6: Catalytic performance and XRD phase analysis results displayed in Figure 8 C.

Weighted
SDxw2 | M-ZrO, | t-ZrO; | lvol m-ZrO; | Ivol t-ZrO, average
Precatalyst X2 (%) (%) (wioe) | (wion) (nm) (nm) cryirt);zliitrgr:ize

(nm)
1%Ru/Ui0-66 922 | 0.13 88.2 11.8 10.0 7.7 9.7
1%Ru/Ui0-66-NH2 | 86.8 | 0.51 39.4 60.6 7.5 6.1 6.6
1%Ru/UiO-66-(OH)2| 8.4 0.80 0 100 0 3.3 3.3
1%Ru/Ui0-66-SO3H| 6.6 0.73 0 100 0 1.0 1.0
1%Ru/Ui0-66-PYDC| 87.3 | 0.28 41.6 58.4 9.0 8.5 8.7
1%Ru/Ui0-66-PZDC| 95.7 | 0.12 31.2 68.8 7.6 5.7 6.3
1%Ru/Ui0-67 89.9 | 0.08 67.6 32.4 7.9 6.9 7.6

* Weighted Average apparent crystallite size: Ivol averaged considering relative phase (m/t-ZrOy)

content.
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F. Example of Topas™ input file used for Rietveld refinement

macro outfile {"temp.txt"}
no_LIMIT_warnings

' Control Zone
#define synchrotronRad

#ifndef BATCH
#define m-Zr02
#define t-Z2r02
#define UiO66
macro file {"file.xye"}

#endif
#define CapillaryPeaks
#define Amorphous
#ifdef BATCH
do_errors
#endif
‘1
xdd file

r_exp 2.72080154 r_exp_dash 4.14841348 r wp 2.63597063 r_wp_dash 4.01907156 r_p 2.04521568 r_p_dash 3.15556484
weighted_Durbin_Watson 0.792196708 gof 0.968821354

x_calculation_step 0.002

bkg @ 526.046457" -307.455628" 134.671438" -47.8918283" 18.4268181°

One_on_X(@, 20558.17843")

start_X 8

#ifdef synchrotronRad {{{
lam
ymin_on_ymax 0.0001
la 1lo 0.7735184 1h 0.1

Zero_Error( 0.00051)

LP_Factor( 90)

Rp 0

Rs 0

Cylindrical_2Th_Correction(@, 0.09993" min -0.1 max 0.1) ' ICM min/max added

User_Defined_Dependence_Convolution(lor_fwhm, , , 0.00010)
User_Defined_Dependence_Convolution(gauss_fwhm, , , 0.01251)
User_Defined_Dependence_Convolution(hat,,, 0.00010)
User_Defined_Dependence_Convolution(circles_conv,,,-0.00445 max =0;)
#endif "1}

#ifdef m-Zr02 Rt
str
local csg4.82781° min 2 max 9999
local csl 9967.68064" min2 max 9999
local msg 0.25373" min 0.0001 max 0.30
local msl 0.00039" min 0.0001 max 0.30
local Ivol =1/1B_from_CS(csg, csl); : 4.53311°
local €0 =Voigt FWHM_GL(msg, msl).25; : 0.06349
CS_L(csl)
CS_G(csg)
Strain_L(msl)
Strain_G(msg)
LVol_FWHM_CS_G_L( 1, 4.53311", 0.89, 4.29554", csg,, csl) 'LVol_ FWHM_CS_G_L( 1, 6.107792147, 0.89, 9.594097469,,,@, csl)
r_bragg 0.815480905
phase_MAC 20.4881463
phase_name "m-Zr02"
MVW(492.891, 140.274", 81.62285685)
scale @ 3.00722525e-005
weight_percent @ 23.212°
space_group P21/c
Phase_LAC_1_on_cm( 119.54315")
Phase_Density_g_on_cm3( 5.83475)
a @ 5.120000° min 5.12 max5.19 ‘a 5.145
b @ 5.181465 min 5.17 max5.23 'b 5.2075
¢ @ 5.360000° min 5.29 max 5.36 'c 5.3107
be @ 99.43000° min 99.03 max 99.43 'be 99.23
site Zr num_posns 4 x 0.2758y 0.0411 z 0.2082 occ Zr 1beq1.0 "ICM - chnaged to 1.0
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site O1 num_posns 4 x 0.0703y 0.3359 z 0.3406 occ O-2 1beq1.0
site O2 num_posns 4 x 0.4423y -0.2451z 0.4789 occ O-2 1heql.0

#ifdef BATCH Out_Quant_3prm(outfile) #endif
#endif ')}

#ifdef t-Zr02 “{
str
local csg 2.06747° min 2 max 9999
local csl 8837.19237° min2  max 9999
local msg 0.06161" min 0.0001 max 0.50
local msl 0.00059" min 0.0001 max 0.50
local Ivol =1/1B_from_CS(csg, csl); : 1.94178"

local €0 =Voigt FWHM_GL(msg, msl).25; : 0.01549

CS_L(csl)

CS_G(csg)

Strain_L(msl)

Strain_G(msg)
LVol FWHM_CS_G_L( 1, 1.94178", 0.89, 1.83980",, csg,, csl)
r_bragg 0.548681646
phase_MAC 20.4881463
phase_name "t-Zr02"
MVW( 246.446, 65.259°, 18.37714315)
scale @ 0.000368070248"
weight_percent @ 66.086°
space_group P42/nmc:2
Phase_LAC_1_on_cm( 128.47927")

Phase_Density_g_on_cm3( 6.27091")

Tetragonal( @ 3.544902" min 3.5449 max 3.6449 , @ 5.193160° min 5.125 max 5.225) 'Tetragonal( 3.595777173, 5.17) '(a,c)
site Zr num_posns 2 x 0.75y 025z 0.25 occZr 1beq 1.53628

site O num_posns 4 x 0.25y 0.25z 0.454 occ O-2 1beq 2.14827

#ifdef BATCH Out_Quant_3prm(outfile) #endif

#endif ')}
#ifdef UiO66 Rt
str
local csg  99.00000° min99  max 9999
local csl  99.00000° min99  max 9999
local msg 0.10000° min 0.0001 max 0.10
local msl| 0.10000" min 0.0001 max 0.10
local Ivol=1/1B_from_CS(csg, csl); : 44.44615
local €0 = Voigt_FWHM_GL(msg, msl) .25; : 0.04101°
CS_L(csl)

CS_G(csg)
Strain_L(msl)
Strain_G(msg)

"ICM - chnaged to 1.0
"ICM - chnaged to 1.0

LVol_FWHM_CS_G_L( 1, 44.44615", 0.89, 53.70658",,csg,, Cs)

r_bragg 1.08658846

phase_MAC 9.83390778

phase_name "UiO-66"

MVW( 6543.354, 8607.563", 100)

scale @ 1.70202257e-008

weight_percent @ 10.702°

space_group Fm-3m

Phase_LAC_1_on_cm( 12.41354")
Phase_Density_g_on_cm3( 1.26232")

Cubic( a_uio66 20.494000° min 20.494 max 20.894)

site Zr num_posns 24 x 0.1204y 0 z0 occZr 1heq 1.11559

site O1 num_posns 96 x 0.1726y 0  z 0.096 occO 1beq 2.78938
site 02 num_posns 32 x 0.0561y -0.0561 z -0.0561 occ O 1beq 3.11801
site C11 num_posns 48 x 0.1473y 0 z -0.14730cc C 1beq 1.0

site C12 num_posns 48 x 0.2019y 0 z 0.2019 occC 1lheq 1.0

site C13 num_posns 96 x 0.2643y 0 z 0.1841 occC 1lheq 1.0

#ifdef BATCH Out_Quant_3prm(outfile) #endif
' view_structure

#endif 1}
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#ifdef CapillaryPeaks ' {{{

Xo_ls
phase_name Capillary_peaks

scale scpeaks 0.561318996" min 0.0000000001

peak_type pv
pv_lor llorl 0.875176188 min 0.001 max 0.999
pv_fwhm lwidl 6.80993837 min 3 max 12

xo  10.7686286 min 8 max 11 |  61.81976 min 0.001
xo  11.9996389 min 11 max 13 |  60.88785 min 0.001
X0  14.0521764 min 13 max 16 |  60.79769 min 0.001
X0  28.3161141 min 27 max 30 | 155.51446 min 0.001
X0  39.9874426 min 36 max 40 |  3.67647 min 0.001
X0  42.7635267 min 41 max 44 | 174.51989 min 0.001

#ifdef BATCH Out_peak_phase(outfile) #endif 'RL added output macro
#endif "1}

#ifdef Amorphous Rt

Xo_ls
phase_name Amorphous_peaks

scale scpeaks2 0.939639376° min 0.0000000001
peak_type pv

pv_lor llor2 0.00100190355" min 0.001 max 0.999
pv_fwhm lwid2 3.55937145° min3 max 12

X0  14.999958 min 12 max 15 | 49.23024" min 0.001

X0  16.0000019° min 16 max 18 |  16.13496" min 0.001
X0  21.9960938" min 20 max 22 | 13.64560" min 0.001
X0  25.0769558" min 22 max 26 |  48.34264 min 0.001
X0 29 min 27 max 29 | 61.82307" min 0.001

#ifdef BATCH Out_peak_phase(outfile) #endif

sendif )}
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Summary CHAPTER 5

5.1. Summary

The remarkable morphology control and catalytic activity for CO> methanation provided by the
MOF-templated Ru®/ZrO; described in Chapter 3 and 4 encouraged expansion of this synthesis
route to catalysts for NHz synthesis. In the NHs synthesis reaction, ruthenium catalysts have
been proposed as a low pressure alternative to Fe-based catalysts. However, their stability,
availability, and cost usually discourage application. Therefore, obtaining stable catalysts that
maximise NHs yield per mass of Ru are desirable. This chapter describes the use of
RuCls/Ce-UiO-66 as template for NHs synthesis catalysts. The MOF-templating of the catalyst
occured in situ, i.e. 80% Hz and 20% N2, with the final catalyst structure investigated and
demonstrated to be composed of Ru® nanoparticles supported on CeO,. The MOF-derived
catalyst was tested alongside Fe and Ru catalysts and displayed high catalytic activity. The high
activity is hypothesised to be a result of the morphology control and homogeneous Ru

distribution provided by the MOF-templating route.
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Abstract CHAPTER 5

5.2. Abstract

A Ru-impregnated Ce-based MOF was used as a sacrificial template for the preparation
of an NH3 synthesis catalyst. Formation under reaction conditions gave a catalyst with
remarkable performance in comparison to benchmark catalysts. The MOF-templating route was
found to provide excellent control over the size and distribution of both the metal oxide support

and the active metal components.

5.3. Introduction

Ammonia (NHs) synthesis via the Haber-Bosch process is widely applied in industry
for the production of artificial fertilizers.1> This process involves the reaction of N, and H>
over heterogeneous catalysts. The reaction is endothermic and equilibrium controlled, thus high
pressures and temperatures are necessary to shift the equilibrium towards NHs production.® For
example, Fe-based catalysts are typically employed in industry under operating conditions of
500 °C and 200 bar.? This energy intensive process is estimated to consume 2% of energy
produced globally.* As a result, decreasing the energy requirements for the large scale
production of NHs is an on-going challenge > To this end supported Ru nanoparticles have
been explored as an alternative to Fe-based catalysts as they show higher reactivity at
significantly lower pressures.” However, stability, availability and cost have discouraged their
commercial use.> 8 Fundamental studies have shown that the efficiency of Ru catalysts is
structure dependent.® Therefore, synthesis methods that offer control over the final catalyst
structure may help to maximise the production of ammonia per unit mass of Ru.81° Additonally,
the composition of the catalyst support material is also critical to the efficiency of the reaction.

Although the support materials do not present significant catalytic activity alone, their
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physicochemical properties do influence the activity of catalytic systems.” ** Support materials
commonly used include: carbon, MgOz, Al,Os, and Ce02.13 Of these, CeO; is reported to be
an effective support material for Ru-based catalysts,® as the presence of the reversible redox

pair Ce**/Ce®" can increase the electron density on Ru® and facilitate N activation.'? 14-1°

The synthetic approach used to generate heterogeneous catalysts can have a significant
effect on their performance, especially with respect to the morphologies and surface chemistry
of Ru and Ce02.1% 187 For example, nanoparticles with a high number of reactive surface sites
are desired in heterogeneous catalysts.® However, synthesising nanoparticles of specific size
and distribution on the support can be challenging, as they tend to aggregate and sinter under
operating conditions. Iwamoto et al. have demonstrated preparation of Ru/MgO catalysts via
sol-gel methods, where both the support and the active metal were synthesised simultaneously,
and were able to achieve a homogeneous distribution of Ru on the support and high NH3

production rates.®

Metal-organic frameworks (MOFs) are hybrid materials composed of inorganic nodes
connected by organic linkers.!® The wide variety of organic and inorganic building units gives
rise to an expansive number of possible structures that possess diverse chemical functionality
and physical properties.?> MOFs have been widely explored as porous catalysts,?*2* however;
recent reports have described the advantage of using the tailored structures of MOFs as
templates for functional materials including novel catalysts.?*%® In the examples reported, the
MOF template engendered specific elemental distributions and structures that could not be
obtained by other synthetic approaches. Furthermore, the templating method led to enhanced

catalytic performance.?’-32
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5.4. Results and discussion

Previously, we have described the application of MOF-templating for the production of
a highly active Ru/ZrO2 nanostructured catalyst for CO, methanation.?” The high activity was
attributed to the homogeneous distribution of size-controlled Ru nanoparticles on the
nanostructured ZrO; support. Here, we report a MOF-templating route for the synthesis of a
highly active Ru/CeO- catalyst for NHs synthesis. The templated catalyst was compared to a
series of controls, including a Ru-based literature reported catalyst, a commercial Wustite
catalyst (Amomax-10), other MOF-derived catalysts, and samples of analogous chemical
composition synthesised by other methods. The Cerium-based MOF, Ce-UiO-66, which is
structurally analogous to UiO-66 was employed as the template to afford a CeO. support and
RuClz was introduced into the pores of the MOF via Impregnation to provide the active catalyst

(Figure 1).

Intensity (a.u.)

~Trr-r-- - r- - - rrrrrrr—rrrrro,ree-rererererrTTrT T T T T T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50
26 (°)

Figure 1: PXRD patterns of 1) UiO-66; 2) Ce-UiO-66; 3) MOF-templated catalyst (MTcat) derived
from Ce-Ui0O-66; 4) 1% Ru/Ce-UiO-66; and 5) active catalyst, MTcat derived from 1% Ru/Ce-UiO-66.
The crystalline structure of the MOF is clearly observed in is the patterns 1, 2, and 4. MTcat testing from
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Ce-UiO-66 generated an amorphous phase (3). In contrast, 1%Ru/Ce-UiO-66 templated an active
catalyst composed mostly of cubic CeO; (5), the broad peaks are a result of the small crystallite size
formed. The sharp peaks are from highly crystalline SiC used as catalyst diluent (Figure S6).
Comparing the performance of literature reported catalysts is challenging as the test
conditions used are variable (e.g. gas velocity, catalyst mass, reactor design). Furthermore,
different methods of analysis (e.g. gas chromatography, titration) can be employed. To
overcome this issue, we selected a commercially available benchmark NHs synthesis catalyst
Woustite (FeO) (Amomax-10, Sud-Chemie) and synthesised, the well known, highly active low-
pressure Ru-based catalyst developed by Aika et al.!! for intitial screening studies. Using a
multi-channel catalysis rig,?” we were able to test these samples under the same conditions as

the MOF-templated catalysts and controls reported in this study.

The initial catalyst screening included a fresh sample of 1%Ru/Ce-UiO-66, catalysts
derived from 1%Ru/UiO-66 and 2%Ru/UiO-66 templated previously, and Amomax-10
(Figure 2). All catalysts were subjected to the activation conditions required for Amomax-10
(pure H: flow, at 475 °C and 1 bar). After this activation procedure all the catalysts displayed
stable conversion for approximately 30 hours under reaction conditions (Hz, 1.875 mL/min; N,
0.625 mL/min; Ar, 0.417 mL/min; at 475 °C and 160 bar). Amomax-10 showed the highest
NHz3 production per unit of catalyst mass, however; among the MOF-derived catalysts, the Ce-
based catalyst significantly outperformed its Zr analogues. The lower performance of Ru/ZrO;
compared to Ru/CeO; is in agreement with previous reports, which describe the negative impact
that the acidic nature of ZrO, has on ammonia synthesis.® On the other hand, a basic support

will assist the reaction by donating electrons to Ru.*

206



Results and discussion CHAPTER 5

Amomax-10 (FeO)

~
1 1

(o))
1 1

MTcat from 1% Ru/Ce-UiO-66

(6}
1 1 1

w
1 1 1

MTcat from 1’% Ru/UiO-66

MTcat from 2% Ru/UiO-66

NH; rate (molyys/h.gcar)
N >

—
1

o

0 5 10 15 20 25 30
Time (h)

Figure 2: Catalytic performance of FeO and MOF-templated catalysts (MTcat) at 475 °C and
160 bar.

High temperatures and pressures are necessary to ensure high activity for Amomax-10.
Thus if, Ru-based catalysts operate at milder conditions, they may offer an energetic advantage
for NHs production. Accordingly, a systematic comparison of the Ru-based samples was
performed at lower temperatures and pressures. In these experiments, a low pressure benchmark
catalyst reported by Aika et al., that is composed of of Ru supported on MgO and promoted
with Cs (2%Ru-Cs/MgO), was included.'! A series of RuCls-impregnated Ce-UiO-66 samples
with different Ru loadings were prepared: varying from 0.25 to 2 wt% Ru/Ce-UiO-66.
Furthermore, a series samples composed of RuCls-impregnated directly on pre-made cubic

CeO- (10 nm) were prepared with loadings of 0.5, 1, 1.5 and 2% Ru/CeO.

At temperatures lower than or equal to 350 °C and pressures of 10, 30, and 50 bar we
did not detect ammonia production, even for the benchmark catalyst. However, the previous

report by Aika et al. indicated that the 2%Ru-Cs/MgO catalyst does display activity under
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these conditions.** We posit that variances in NHs detection range among effluent analysis

techniques used may explain this discrepancy.

When the reaction temperature was elevated to 400°C the Ru/Ce-UiO-66 templated
catalyst displayed remarkable activity (Figure 1B). The most active MOF-templated catalyst
was derived from 0.75% Ru/Ce-UiO-66, producing 14, 20.5 and 22.9 molnHs/h.gru at 10, 30
and 50 bar, respectively. It is noteworthy, that at 30 and 50 bar the MOF derived catalyst
outperformed the benchmark 2% Ru-Cs/MgO, which generates 18.1, 18.1 and
16.1 molnns/h.gre at 10, 30 and 50 bar, respectively. Additionally, the family of MOF-
templated catalysts also display increasing conversion at higher pressures, indeed the error bars
in Figure 1B obscure an increasing conversion with time (Figure S5), whereas the conversion
by the 2% Ru-Cs/MgO catalyst was not affected by the pressure increase, in agreement with
previous reports.® It is noteworthy that at 30 and 50 bar MOF-templated catalysts composed
of of 0.75, 1 and 1.25% Ru/Ce-UiO-66 outperformed the positive control 2% Ru-Cs/MgO.
The catalysts prepared via direct impregnation of RuClz on pre-made CeO> did not produce
detectable amounts of NHs at any of the tested conditions. The use of metal precursors that
contain CI are usually avoided in the synthesis of NH3 catalysts as Cl is known to have a
poisoning effect,® although there is no consensus on the poisoning mechanism by Cl atoms.
Notably, the presence of Cl in the precatalysts RuCls/Ce-UiO-66 did not inhibit catalytic

activity of the derived catalysts.
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Figure 3: NHs production per unit mass of Ru during catalyst testing at 400 °C with variable pressure.
RuCls was impregnated onto Ce-UiO-66 at different loadings as indicated. The chart indicated the
performance of the catalyst derived from these precursors. 2% Ru-Cs/MgO catalyst was prepared

according to Aika et al.** Error bars show standard deviation of the 3 measurements.

The structure of the Ce-MOF templated catalyst was studied by powder X-ray
diffraction (PXRD), transmission electron microscopy (TEM), energy dispersive spectroscopy
(EDS) and electron diffraction to determine the chemistry underpinning its efficacy. The MOF-
templated catalyst (MTcat) from 1% Ru/Ce-UlO-66 was analysed using synchrotron X-ray
powder diffraction to obtain high resolution diffractograms (Figure 1). The peak positions and
broadness suggest that the catalyst is composed of nano-sized cubic Ce0,.%® The integral
breadth apparent size (Lvol-IB) is used in XRD to estimate crystallite domain sizes, although
actual crystallite sizes will depend on the morphology of the particle.®” For the templated
catalyst, the Lvol-1B for cubic CeO. was 6 nm. No reflections corresponding to a Ru phase

were observed in the synchrotron source diffractograms which is consistent with our previous
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studies on the MOF-templating of a Ru/ZrO; catalyst.?” We attribute the absence of Ru peaks
to its low loading on the support and to the small size of the nanoparticles. Nevertheless,
diffraction studies indicate that Ru is crucial to directing the structure of the catalyst. For
example, neat Ce-UiO-66 processed under analogous conditions gave rise to an amorphous

phase rather than nanostructured CeO..

TEM performed on the active catalyst was in agreement with the PXRD analysis,
indicating the presence of CeO2 nanocrystals in the rage of 4-6 nm (Figure 4 and S7). These
crystals were found to agglomerate into large clusters approximately 130-170 nm in size. It is
noteworthy that these clusters are similar in size to the apparent crystallite size (Lvol-1B) of
200 nm for the parent MOF, Ce-UiO-66. This suggests that CeO, nanoparticle clusters are
formed directly from the collapse of the MOF crystals. In agreement with our previous

observations,?” on the MOF-templating of Ru/ZrOs.
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Figure 4: A-D) High resolution TEM of the catalyst templated by 1%Ru/Ce-UiO-66 at different
magnifications. It is possible to observe that the catalyst is composed of clusters of nanoparticles
(A and B). Within these clusters, nanocrystals can be observed (C and D).

Due to the high electron density of Ce, Ru cannot be clearly distinguished using TEM.
Thus, in order to evaluate the distribution of Ru NPs in the catalyst we employed electron
dispersive X-ray spectroscopy (EDS) (Figure 5). The EDS maps indicated the Ru nanoparticles
are evenly distributed throughout the CeO, nanoparticles (Figure 5). Additionally, the Ru NPs
were approximately 2 nm in size, significantly smaller than the CeO. support. Electron
diffraction identified hexagonal close-packed Ru® (Figure S9) and no evidence of RuO; phases
even after storage in air. These results confirm that the bulk of the Ru® nanoparticles may be

stabilised on the CeO; support by intimate integration with the CeO> nanocrystals.
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Figure 5. TEM, HAADF (high-angle annular dark-field) and EDS (Energy dispersive
spectroscopy) mapping for the MOF-templated catalyst derived from 1%Ru/Ce-UiO-66. The
elemental maps show small clusters of Ru (less than 2 nm) evenly dispersed on the CeO.. For
clarification, contrast was improved on Ru map.

We attribute the high activity of the MOF-templated catalyst to its unique composite

nanostructure. For example, CeO> is considered an efficient support due to its facile redox
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activity (Ce*/Ce®"), with the presence of this redox pair is believed to modulate the electron
density on the surface of Ru nanoparticles and improve the activation of N2.1% 38 The small size
of the templated CeO crystals may be key to allow a higher amount of Ce** to be reduced and
the consequent creation of surface O vacancies. These results are in agreement with other recent
reports on MOF-templated CeO, based oxidation catalysts, which also demonstrated the
successful synthesis of smaller CeO, particles and a significant increase in the overall catalytic
activity.32 Furthermore, it is known that for Ru-based catalysts, the presence of Bs-type sites
on Ru® nanoparticles may facilitate ammonia synthesis.® These sites are typically found on the
edges of crystals, and the proportion of Bs-type sites per mass of Ru is known to be higher for
Ru® nanoparticles in the range of 2 to 2.5 nm.% 3% We conclude that the high activity of the
Ru/Ce-UlO-66 derived catalyst can be attributed to the homogeneous dispersion of such Ru

NPs on the CeO> support.

5.5. Conclusions
In summary, we employed a Ru-impregnated Ce-MOF (x% Ru/Ce-UiO-66) as a

template for an NHs synthesis catalyst. Compared to the control catalyst, 2% Ru-Cs/MgO at
50 bar, the MOF templated catalysts, 0.75% Ru/Ce-UiO-66 and 1% Ru/Ce-UiO-66, showed
42% and 36% higher activity per mass of Ru, respectively. We note that this high performance
is the result of the unique catalyst structure that can only be achieved via the MOF-templating
route. We employed diffraction and microscopy to elucidate the catalyst structure and found
that it was composed of small Ru® nanoparticles (~2 nm) homogeneously distributed on CeO:
nanoparticles 4 to 6 nm in size. In summary, this work exemplifies how the MOF-templating

route can be applied to synthesis of highly active catalysts.
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5.8. Supporting information

In situ MOF-templating route to Ru/CeO; catalysts for
NHj; synthesis

AL MALEITAIS ... et 219
Bl SYNMENESIS ..t 219
Bl CB-UIO-B6. . ittt 219
B2 UHO-606 ... e et 220
B.3  Post-synthetic metalation (PSIM).........ooiiiiiiiiiieiie e 220
B4 2%RU-CS/MOO ......ceiiiiiitieiee ittt ettt 220
C.  ThermogravimetriC @NAIYSIS .........cooiiiiiiiiiiieiie et 220
D. Catalyst testing for NHz SYNTNESIS. .......cccuiiiiiiiiiiiiie s 221
D.1  Quantification of NHz inthe gas effluent .............ccooiiiiiii i 223
E.  Powder X-ray QiffraCtion..........cccoiiiiiiiiiiiiis e 225
E.1  Laboratory SOUICE XRD ......cc.ciiiiiiiiieiiieiies ittt ettt 225
E.2  Synchrotron SOUICE XRD ........ccuiiiiiiiiiiieiiiesie ettt et 226
E.3  RIEtVEld refINEMENT ......ooiiiiiiiiii et 227
G.  EIECIION IMHICIOSCOPY ...uveeuiieiiesieesite ettt ettt sttt ettt sttt ettt e b s bt e e e be e 229
L. REFEIENCES ... ettt bttt 233

218



Supporting information CHAPTER 5

A. Materials

All chemicals were used as provided by the manufacturer. Chemicals and suppliers:
terephthalic acid (H.BDC) 99% Acros Organics (Great Britain), N-N-dimethylformamide
(DMF) 99.8% Merck Pty. Ltd. (Australia), cerium (IVV) ammonium nitrate (Ce(NHa)2(NOz3)e)
98.5% Sigma Aldrich (Australia), ethanol Merck Pty. Ltd, cerium oxide
nanoparticles/nanopowder (99.99% CeO,, 10 nm) US Nano (USA), magnesium oxide
nanoparticles (99+% MgO, 40 nm) US Nano (USA), ruthenium(lll) chloride trihydrate
(RuClz-3H20) 99% PMO Pty Ltd (Australia), triruthenium dodecacarbonyl (Ruz(CO)12) Strem
Chemicals (USA), cesium nitrate (CsNOs) Sigma Aldrich (Australia), tetrahydrofuran (THF)
Merck (Australia), zirconium chloride (ZrCLs4) 99.5% Sigma-Aldrich (Australia), hydrochloric
acid (HCI) 32% Merck Pty. Ltd. (Australia), Amomax-10 (wustite with promoters) Sud Chemie
AG (Germany), Silicon Carbide (SiC) 99% 300-355 pum Beijing HWRK Chem Co., Ltd.
(China). Water was deionized by reverse osmosis. All gases used were supplied by Coregas
(Australia) including custom made mixtures: nitrogen (N5); Argon (N5); Helium (N5);
Hydrogen (N5); 25vol% carbon dioxide with H. balance; 2.5vol% NHs, 2.5vol%Ar, 15vol%

H, with N2 balance.

B. Synthesis
B.1 Ce-UiO-66

Ce-Ui0O-66 was synthesised according to Lammert et al.! The synthesis was scaled-up
9x from the literature report. In a 20 mL glass vial with Teflon-lined screw cap, H.BDC (0.3186
g, 1918 umol) was dissolved in DMF (10.8 mL) using a magnetic stirrer bar. An aqueous
solution of Ce(NHa4)2(NOz3)s (0.5333 mol/L) was prepared and stored. The terephthalic acid
solution was placed in an aluminium block on a hot-plate stirrer with temperature control, and
was preheated to 100 °C. Next, the Ce salt solution (3.6 mL, 1918 umol) was added to the

terephthalic acid solution, sealed, and vigorously stirred at 100 °C for 15 min. The dark orange
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solution quickly became lighter and a light yellow precipitate was formed. After 15 min the
precipitate was centrifuged (1000 rpm for 10 min) and washed (2x 15 mL with DMF and 4x
15 mL with ethanol). The solid was dried at 80 °C for 24 h. XRD and TGA of the MOF were

in agreement with the literature report.

B.2 UiO-66

Ui0-66 (or Zr-UiO-66) was synthesised according to Katz et al.? as described in details
in our previous work.2 The catalysts derived from the 1%Ru/UiO-66 and 2%Ru/UiO-66 were
activated in 75% H and 25% CO; at 1 bar and 350 °C for several hours prior to testing for NH3

synthesis.

B.3 Post-synthetic metalation (PSM)

Post-synthetic metalation (PSM) of the MOFs were carried via incipient wetness
impregnation (IWI) with RuCls. For 1 wt% Ru(l1l) on Ce-UiO-66, 100 mg of Ce-UiO-66 was
placed in an 8 mL glass vial and 137 uL of RuCls aqueous solution (0.143 mol/L) was slowly
added with a pipette. The sample was mixed with a spatula to homogenize the slurry formed.
The sample was dried at 100 °C for 24 h to yield 1% Ru/Ce-UiO-66. To achieve different
loadings, RuClz solutions with the appropriate concentrations were prepared. Among the
controls, RuClsz on pre-made CeO, nanoparticles was prepared in the same fashion, these

samples are referred as xX%oRu/CeO:..

B.4 2%Ru-Cs/MgO

2%Ru-Cs/MgO was synthesised according to the procedure reported by Aika et al.*

C. Thermogravimetric analysis
Samples were loaded into Al,Oz crucibles and evaluated using a Mettler Toledo TGA
2. Ce-UiO-66, as synthesized, was heated to 600 °C in N> atmosphere to analyse its thermal

stability. The sample was heated to 600 °C at 10 °C/min under N2 purge gas at 30 mL/min. The

220



Supporting information CHAPTER 5

sample was allowed to equilibrate at 25 °C in N2 before the analysis, this section is not shown
in the thermogram, however a significant loss of solvent (~40wt%) during this period was

observed.

Samples of the catalysts derived from Ce-UiO-66 and 1%Ru/Ce-UiO-66 were heated
to 800 °C in air to evaluate the catalysts carbon content. These samples were heated to 800 °C

at 10 °C/min under air purge gas at 40 mL/min.
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Figure S1: Thermogravimetric analysis of Ce-UiO-66, and catalysts derived from Ce-UiO-66 and
1%Ru/Ce-UiO-66. The synthesised Ce-UiO-66 displayed good thermal stability, but decomposes losing
a substantial amount of mass. The catalysts derived from Ce-UiO-66 and 1%Ru/Ce-UiO-66 displayed

mass loss of less than 5 wt%, indicating that the derived catalysts are mostly free of carbon.

D. Catalyst testing for NHs synthesis

The catalysts were evaluated for NHz synthesis using an Avantium Flowrence multi-
channel(48) microreactor testing rig described in details in our previous work.® About 20 mg
of each sample was mixed with 50 mg of SiC and loaded into fixed-bed microreactors. Catalysis
experiments used stoichiometric ratio of reactants (H2:N>=3:1) and Ar as tracer gas. The gas
feed flow was 2.9 mL/min per reactor (Hz, 1.875mL/min; Nz, 0.625mL/min; Ar,
0.417 mL/min) in addition, by-passing diluent gas (N2, 13.33 mL/min per reactor) was mixed

with the reactor effluent gases before GC analysis (Figure S2).

221



Supporting information CHAPTER 5

Reactive gases (H, + N, + Ar)

Diluent gas (N,) ¢
.| -----Reactor
-‘ - - - - Catalyst bed
l 1----Reactor shell

i

Effluent gas (H, + N, + NH; + Ar) + diluent gas (N,)
Figure S2: Scheme of an individual reactor. The multi-channel reactor contains 48 reactors in 48
individual reactor shells. A stream of N, is used to dilute the reactor effluent gases prior to analysis.
Consequently, the total effluent gas (Reactants, products, tracer gas and diluent gas) were analyzed using

an online gas chromatograph (GC).

In a first screening (Figure 3A), the MOF-based catalysts were tested alongside a
commercially available Fe-catalyst (Amomax-10); therefore all of the samples were activated
and tested under the same conditions as required for the Fe-based catalyst. Activation was

carried under a pure H stream at 475 °C and 1 bar until water was not detected in the effluent

stream and testing was carried at 475 °C and 160 bar.

In a second experiment (Figure 3B), different loadings of Ru on Ce-UiO-66 and on
CeO, were compared to a Ru-based high performing catalyst reported by Aika et al.* Since
operation at lower temperature and pressure are some of the advantages of Ru catalysts, the
screening was performed at temperatures from 200 to 400 °C and pressures of 10, 30 and 50
bar. The parallel testing of all these samples started with an activation step with the reactive gas
mixture at 400 °C and 10 bar for 7 h. Next, the activated catalysts were evaluated for NH3
synthesis. First, at 10 bar at different temperatures: 200, 250, 300, 350 and 400 °C, then

temperature was dropped to 200 °C and the pressure was increased to 30 bar, catalysts were
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tested at the same temperatures. Lastly, pressure was increased to 50 bar and catalysts were
submitted to the same temperatures. Upon reaching each set temperature and pressure, the
system was allowed to stabilize for 15 min prior to the start of effluent analysis. The reactors,
which were distributed randomly within the rig, were sampled 3 times at each condition step.

At all times the catalysts were under constant flow of reactive gases (H2:N2=3:1).
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Figure S3: Experimental conditions for the second screening (Figure 3B). The 1% conditioning step
shows the conditions for the activation step and the following steps the conditions during the testing.

For all samples, including the positive control NHz was only detected at 400 °C.

D.1 Quantification of NHz in the gas effluent

According to the calibration curve displayed in Figure S4, the volumetric fraction of
NH3 in the gas sample can be correlated to the integrated area using Eg. 1
Xnp, (%) = 1111410712 - Ay ? +1.7609 - 1076 - Ay, (Eq. 1)

This volumetric fraction can be correlated to the effluent flow composition:

I/;‘eed total — VNZ in + VHZ in + VNZ diluent (Eq 2)

Veffluent total — VNZ out + VHZ out + VNH3 produced + VNZ diluent (Eq 3)
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Since the maximum concentration obtained for ammonia was below 0.4 vol% for

Veffuent totar» the total gas flow is approximately constant, therefore:

VNH3 produced = I};‘eed total " XNH; (Eq 4)
Considering density of NHs (oyp,) as 771.3 g/m? at 0 °C and 1.013 bar, we obtained the mass

of NH3 produced per unit of time:

mNH3 produced — VNH3 produced " PNH; (Eq 5)
Considering the molar mass of NHs (M) as 17.031 g/mol, we were able to determine the

number of mols of NH3 produced per unit of time:

NNH; produced — MNH; produced * MNH3 (Eq 6)

o
\‘

o
o

o
o

PR
aet®
....
.e®
ot
.
.
oot
ot
o

o
~

o
w

n NH; content (%)

y =-1.1114E-12x? + 1.7609E-06x
R2 =9.9951E-01

Know
© o
= N

o
o ——

0 100,000 200,000 300,000 400,000 500,000 600,000
Observed GC integrated area for NH;

Figure S4: Gas chromatograph calibration curve for NHs. During the catalysis experiment the integrated
area results for NHs were in the range of 0 to 270,000.
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Figure S5: NHs; production results for the MTcat derived from x% Ru/Ce-UiO-66, as indicated, at
different time points. Data presented in Fig. 3B is the average of these values. Sample 2% Ru-Cs/MgO
was tested in replicate.

E. Powder X-ray diffraction
XRD data was collected using different instruments as described below. In order to

compare samples analysed at different wavelengths in Figure 2, the data was transformed to the

same energy. The formula used is also described below.

E.1 Laboratory source XRD

Samples were back-loaded into sample holders prior to the collection of XRD traces to
minimize texture. A Bruker D8 Advance X-ray Diffractometer operating under CuKa radiation
(40kV, 40mA) or CoKa radiation (35kV, 45mA) equipped with a LynxEye detector was

employed to obtain the XRD patterns. Samples were scanned over the 20 range 3.5° to 130°
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with a step size of 0.02° and acquisition time of 0.4 second per step. 173/192 of the sensor strips

on the LynxEye detector were used, to give an equivalent count time of 69.2 seconds per step.

In Figure 2, the radiation used to analyse the samples using the lab source
diffractometers are described below:

1) “Ui0-66" Cu radiation Ko = 8.046 keV
2) “Ce-Ui0O-66" Co radiation Ka = 6.931 keV

E.2 Synchrotron source XRD

XRD experiments carried at the Powder Diffraction Beamline at the Australian
Synchrotron used a Mythen microstrip detector® for data collection. The samples were loaded
into special glass 0.7 mm wide capillaries (The Charles Supper Company, USA). The capillary
was kept rotating during acquisition. The beam energy during data acquisition was 16.0172 keV

with a current of 200 mA.

In Figure 2, the beam energy used for the samples analysed in synchrotron source are
described below:
3) “MTcat from Ce-UiO-66" synchrotron radiation E = 16.0172 keV

4) “1% Ru/Ce-Ui0-66" synchrotron radiation E = 16.0172 keV
5) “MTcat from 1% Ru/Ce-UiO-66" synchrotron radiation E = 16.0172 keV
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For comparison, the diffractograms displayed in Figure 2 collected using lab source

were plotted for E = 16.0172 keV using Eq. 12:

Planck—Einstein relation

E=hv=E=h§

E,=h=

A E A

e > EAM=El,>=2=2
E,=h— E, &4

Az
Bragg’s law
nA = 2d - sinf

ni nll nlz 12
= = = = = — =

d 2:sinf dl dz 2-5inf4 2-5inf, A

Combining Eq. 8 and 10

E A sin(6 . (26 . (26 E
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E, - 11 - Sin(91) - 2 E,

20, = sin~ ! (sin (ﬂ) . ﬂ) 2

2 E,

E.3 Rietveld refinement

— sin(6z)

sin(61)

(Eq.7)

(Eq. 8)

(Eq. 9)

(Eqg. 10)

(Eq. 11)

(Eq. 12)

The quantitative phase and microstructure analysis of the powder diffraction data was

performed using a whole-pattern, Rietveld based approach. The Rietveld method involves

producing a model which is used to generate a calculated XRD pattern. The model includes

parameters such as the crystal structure model for each phase, pattern background, wavelength,

sample and instrument aberrations, etc. The calculated pattern is then compared with the

observed data and the difference between observed and calculated is minimised through a least
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squares method by adjusting selected parameters in the model. These calculations were

performed using the software TOPAS V55,

Intensity (a.u)

—Y observed

—Y calculated

—Cubic CeO2 calculated

—SiC diluent calculated
Diff = (Yobs)-(Ycalc)

20 40

60

Figure S6: Observed diffractogram (Y observed), complete diffractogram calculated via Rietveld

Refinement (Y calculated), CeO, contribution to calculated diffractogram, SiC (catalyst diluent)

contribution to the calculated diffractogram, and difference between observed and calculated data.

Table S1: Results from Rietveld refinement displayed in the figure above.

Phase name CeO2
R-Bragg 1.607
Space group Fm-3m
Wit% - Rietveld 96.46
Double-Voigt
approach
Cry size Lorentzian 12.3
Cry size Gaussian 15.3
Lvol-IB (nm) 6.006
Lattice pe’lgameters 2 & 115130
(A)
Rwp 7.235
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G. Electron Microscopy

TEM/STEM investigation was performed using a probe-corrected JEOL ARM200F
(JEOL, USA) equipped with a cold field emission gun operating at 200 kV. High-angle annular
dark-field (HAADF) images were acquired with inner and outer collection angles of 68 and 280
mrad, respectively, while bright field images were acquired with a maximum collection angle
of 17 mrad. All images were acquired with a 20 ms dwell time and convergence angle of 25
mrad, resulting in a probe size about 0.1 nm and a current of 40 pA. The Energy-dispersive

X-ray Spectroscopy (EDS) maps were acquired with a probe current of 155 uA.
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Figure S7: A-D) High resolution TEM of the catalyst templated by 1%Ru/Ce-UiO-66 at different
magnifications. It is possible to observe that the catalyst is composed of clusters of nanoparticles (A and
B). Within these clusters, nanocrystals can be observed (C and D). E) Histogram of cluster sizes and F)
Histogram of nanocrystal sizes.
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10 nm

Figure S8: TEM (A and B), HAADF (high-angle annular dark-field) and EDS (Energy dispersive
spectroscopy) mapping for the MOF-templated catalyst derived from 1%Ru/Ce-UiO-66. B)
Enlargement of part of image A, where an apparently amorphous Ru® nanoparticle (5 nm) is highlighted

by the red square.
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Figure S9: Electron diffraction imaged for MOF-templated catalyst derived from 1% Ru/Ce-UiO-66
(left) and images superimposed by rings indicating the phases present (right). As the CeO, phase was
confirmed by XRD, this phase was used as reference for the precise measurement of the d-spacing. As
Ru was in much lower abundance than CeQO,, and there is evidence that some of the Ru nanoparticles
are amorphous, the dots indicated by the pink arrows were used to identify the Ru phase present. The
phases considered were: cubic Ru®, tetragonal RuO; and hexagonal Ru’. The distances measured only
correlated to the hexagonal Ru®. Therefore, we could conclude that the templated catalyst contained

Ru%CeO,. This sample was free of SiC.
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Table S2: Space groups and d-spacing observed in the electron diffraction images (Figure S9).

Ring | Colour |Phase |Space h |kl |d
Group (A)
1 red CeO2 [Fm-3m 1111313
2 red CeO2 [Fm-3m 01|02 271
3 pink |Ru P63/mmc |0 |0 |2 |2.14
4 pink |Ru P63/mmc (0 |1 |1 |2.05
5 red CeO2 [Fm-3m 0122|191
6 red CeO2 [Fm-3m 31111 163
7 pink |Ru P63/mmc |0 |1 |0 |2.34

Full scale counts: 4560
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Figure S10: EDS spectrum confirming the presence of Ru.
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Chapter 6

6. Conclusions

This thesis explored the use of metal-organic frameworks as templates for highly active
gas phase heterogeneous catalysts. Synthesis of inorganic materials mediated by metal-organic
frameworks has attracted interest from applied fields such as, nanomaterials and catalysts where
controlled synthesis methods have been a long-standing challenge.l® Chapter 1 identified
opportunities and challenges for MOF-derived materials and presented the research questions
underlying this thesis. These were focused on the use of reducing atmospheres in the synthesis
of MOF-templated catalysts for gas phase reactions and investigating the MOF-templating
mechanism. The following sections discuss the contribution, limitations and future directions

identified in this work.

6.1. MOF-templating in Hy

MOF-templated materials are often obtained via thermal treatment of the parent MOF
in an inert or oxidising atmosphere. This generally leads to the synthesis of metal/metal-oxide
nanoparticles embedded in carbon or to metal-oxide nanoparticles, respectively. In contrast,
MOF-templating in H2 has not been largely explored, with only a few examples of thermal

treatment of MOFs in a reducing atmosphere.®’ High temperature reduction is a common
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treatment for the synthesis or activation of catalysts, as it leads to metallic species. Thus,
MOF-templating in Hz had been hypothesised to assist the formation of metal nanoparticles not

achieved by pyrolysis.

Chapters2 and 3 explored the in situ MOF-templating of catalysts for CO:
hydrogenation, i.e. 80% H> and 20% CO- at 350 °C. In Chapter 2, a Mn-MOF metalated with
rhodium was used as template for the synthesis of Rh® nanoparticles of controlled size; these
nanoparticles were arranged as a porous mesh surrounding MnCOz and MnO crystals derived
from the MOF nodes (Figure 1). In addition, the effect of a low H. concentration (5% H./Ar)
was also evaluated and the synthesis of Rh® nanoparticles evenly distributed in a partially
decomposed framework was demonstrated. The successful synthesis of Rh? nanoparticles via
MOF-templating in H, provides an alternative route to prepare Rh° catalysts and demonstrates

the use of MOF-templating to synthesise metallic species with controlled morphology.
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Figure 1: llustration of MNMOF and post synthetically metalated MnMOF with Rh (MnMOF-Rh)
and derived products from templating in Hz-containing atmosphere.
Furthermore, in Chapter 3, the synthesis of Ru® supported on ZrO, was achieved using
a RuCls impregnated Zr-MOF as a template (Figure 2). The templating process occurred under

CO2 methanation conditions (80% H> and 20% CO; at 350 °C), thus not requiring an additional
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step for the activation of the catalyst. Once activated, the catalyst displayed remarkable stability,
H> conversion, and selectivity to CH4 for over 160 h and could be exposed to air in between

runs without loss in activity.

UiO-66 Ru®**/UiO-66 Ru%zrO,
Figure 2: Illustration of UiO-66 and Ru®**-impregnated UiO-66 and in situ MOF-templated catalyst,
Ru%Zzr0,.

Chapter 5 presented the templating of MOF-derived Ru®/CeO; catalysts in 75% H; and
25% N2 (Figure 3). During the course of this research project we speculated that CO; played a
critical role in the templating of the active catalyst, but the successful synthesis of this catalyst
under NHs synthesis conditions (reducing environment and high pressure regime) confirmed
H> as the main agent of the linker decomposition leading to MOF-templating this class of metals
supported on metal-oxides. Attempts to activate catalysts in 5% H> were discussed in Chapters
2 and 4, in both cases, the low concentration of H> led to the production of materials that differ
in composition and morphology than their counterparts templated in higher concentrations of
H>. The combined results demonstrate that the H> concentration is an important parameter for

the complete decomposition of the framework.
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Figure 3: Illustration of Ru*-impregnated Ce-UiO-66 and in situ MOF-templated catalyst, Ru%CeO,.

6.2. MOF-templated catalysts for gas phase reactions

MOFs and MOF-derived catalysts have been largely applied for liquid phase reactions.?
This thesis demonstrated the use of three different MOFs for the synthesis of catalysts for gas
phase reactions. The post-synthetically metalated MOFs (Mn-MOF metalated with Rh,
Ru-impregnated Zr-MOF and Ru-impregnated Ce-MOF) acted as sacrificial templates for the
synthesis of Rh°, Ru%ZrO, and Ru%CeOQ; catalysts. Among these catalysts, MOF-derived
Ru%ZrO, was shown in Chapter 3 to be a highly active catalyst for CO, methanation. This high
activity resulted from the controlled morphology and Ru distribution derived from the
MOF-templating route, as demonstrated by the significantly lower catalytic performance of
samples with the equivalent chemical composition. Thus Chapter 3 not only exemplified
MOF-templating as a synthetic route for metal supported on metal oxide catalysts, but also

showed that this route was critical for the synthesis of a highly active and selective catalyst.

As shown in Chapter 2, the catalyst derived from Mn-MOF metalated with Rh, a mesh
of Rh? nanoparticles, displayed mild activity for CO, hydrogenation. In spite of its catalytic

performance, its final structure has potential to be applied for other reactions. The catalysts
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activated in situ were characterised after 90 h under continuous reaction conditions
demonstrating good stability against agglomeration. Other methods to synthesise Rh°
nanoparticles use stabilisers or supports to avoid agglomeration; &° however, stabilisers can
affect the catalytic activity of these catalysts.® The unusual structure of this MOF-templated

catalyst may potentially find application in other reactions.

Lastly, Chapter 4 and Chapter 5 reported the use of MOF-templated Ru%CeO, for CO;
methanation and NHz synthesis, respectively. As presented in chapter 4, this catalyst displayed
high activity for CO, methanation at 350 °C which was comparable to MOF-templated
Ru%ZrO,. However, at lower temperature, 250 °C, Ru%CeO showed significantly inferior
catalytic performance than its Zr counterpart. Chapter 5, focused on MOF-templated catalysts
for ammonia synthesis and demonstrated Ru®/CeO; as a highly active catalyst for this gas phase
reaction, even when compared to MOF-templated Ru%ZrO; and to a benchmark catalyst. In
addition, catalysts prepared with RuClz directly impregnated on CeO> nanoparticles displayed
inferior performance then the MOF-templated analogue. These results further demonstrate the

relevance of MOFs in the synthesis of catalysts for gas phase reactions.

6.3. Templating mechanism

The lack of understanding of the mechanism of MOF-templating has been identified as
a limitation for improving the control over the synthesis of these materials.}® 1912 MOFs have
a high degree of structural variability owing to the expansive library of organic and inorganic
components readily available. Therefore, understanding the transformation from MOF to
functional material and the role of each component may lead to more rational design of

MOF-templates.
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As reported in Chapter 2, the MOF-templating mechanism was studied using a
Mn-based MOF and its Rh-metalated version, with the MOFs subjected to heat treatment under
different concentrations of H,. The short-term exposure of the MOFs to 5% H, at 350 °C
yielded a partially decomposed MOF, whereas long-term exposure to 80% H at 350 °C led to
complete decomposition of the MOF and the templating of the Rh° nanoparticle mesh. The
comparison of these two MOFs at different stages of templating process revealed that the
different compositions substantially affected the final materials; as an example, rhodium was
identified to promote the removal of the organic linkers. The knowledge provided by this study
was valuable for the selection and evaluation of the other MOF-templates investigated during

this project.

As discussed in Chapter 3, MOF-templating of Ru%/ZrO, was studied at different
temperatures, revealing that temperature affects the removal of the organic linkers. At
temperatures below the threshold for the removal of the organic linkers, the derived catalysts
showed poor crystallinity and catalytic performance. This indicates that removal of the organic
linkers is a relevant step for the templating of the active catalyst. The final catalyst was observed
to have an excellent distribution of Ru on the ZrO; particles. DFT calculations indicated the
possibility of Ru binding to inorganic nodes of UiO-66 where an organic linker is missing. As
missing linker defects are commonly found in UiO-66, we hypothesise that this interaction of
Ru with the node may be key for the homogeneous dispersion of Ru in the template MOF.

However, experimental observation is necessary to confirm this phenomenon.

The templating of the Ru%ZrO; catalyst was further examined in an in operando PXRD
experiment described in Chapter 4. This experiment unveiled the structural transition during
MOF-templating:

1. Initial crystalline state of Ru*/UiO-66
2. Collapse of the crystalline structure and loss of organic fragments at ~330 °C;
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3. resulting amorphous phase occurred over a wide temperature range for an extensive
time period,;

4. at increasing temperatures the amorphous phase crystallised into nanosized
tetragonal ZrO; alongside remnants of the amorphous phase;

5. at even higher temperatures, the amorphous phase was completely consumed and
monoclinic ZrO; was found to form.

Reflections from Ru crystalline phases were not evident in the PXRD patterns and high-
resolution TEM demonstrated the presence of single crystal and amorphous Ru® nanoparticles.
Although the templating mechanism is not yet fully elucidated, these experiments provide
interesting insights to refine the current hypothesis. The controlled size of the ZrO, support,
may be a consequence of the inorganic nodes of UiO-66 acting as regularly spaced seeds for

the crystallization of ZrOo.

Furthermore, Chapter 4 reported an evaluation of the effect of different MOF
components on the structure and catalytic performance of MOF-templated CO, methanation
catalysts. The study of the loading of Ru in UiO-66 revealed that Ru, even at small quantities,
promoted the crystallization of ZrO». In addition, UiO-66 impregnated with Zn, Fe, Co or Cu
did not promote crystallization of ZrO,, indicating that the catalytic properties of Ru may
facilitate the removal of the organic linkers as observed in the case of Rh in Chapter 2. The
effect of the linker in the MOF templating mechanism was investigated by the use of Zr-MOFs
with various linkers. Contrary to our expectations, the crystallinity of the MOFs did not dictate
the quality of the catalyst, with amorphous MOFs yielding highly active catalysts. In addition,
the use of a longer linker did not significantly affect the size of the ZrO, nanocrystals. On the
other hand, some linkers inhibited the catalytic activity on the templated catalysts,

demonstrating the importance of the selection of an appropriate linker in MOF-templating.
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6.4. Future directions

This thesis focused on the synthesis of Rh® and Ru® nanoparticles for application as
catalysts. One limitation of the approach presented is that it is highly dependent on the metal.
For example, Chapter 4, presented the evaluation of different metals impregnated in UiO-66,
including Fe, Zn, Cu and Co, subjected to the same conditions used for the templating of
Ru%ZrO,. Under those conditions, no sample displayed formation of ZrO,, instead, they
presented a phase similar to the material derived from pristine UiO-66; this behaviour is
attributed to differences in the hydrogenolysis properties of the different metals.® Therefore,
conditions may have to be optimised for different metals, including an increase in temperature
and loading of metal. The hypothesis that Ru is dispersed through the framework by interacting
with the inorganic node should be experimentally investigated. In addition, this type of
interaction should be investigated for different metals, and the distribution of other metals
though the framework may have to be optimised by post-synthetic metalation of the linkers.
With regards to the MOF-templated Rh® nanoparticles, the investigation of other Mn-MOFs
may be of interest for the evaluation of the role of linkers, coordination groups and even Mn

node structure in the templating of the final composite.

The MOF-derived catalysts evaluated, particularly MOF-templated Ru%ZrO; and
Ru%CeO,, prove how gas phase reactions can benefit from MOF-mediated synthesis of
catalysts. Interestingly, the chemical composition of the MOF-templated catalysts presented are
simpler in composition than most of their counterparts:***> for example, catalyst promoters
were not part of the scope of this research. Future directions in this area may include the
evaluation of more complex compositions, including the addition of promoters and metal oxide
dopants for example. Furthermore, other well-stablished catalyst compositions for gas phase
reactions may benefit from the morphology and elemental distribution control provided by

MOF-templating to further enhance their catalytic performance. Development of a protocol to
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apply MOF-mediated synthesis for catalysts of pre-defined composition is proposed as a way

forward in the field of MOF-templated catalysts.

Suggestions for future directions on the investigation of the MOF-templating
mechanism for Ru%/ZrO, catalysts include evaluation of the ZrO, phase’s contribution to
catalytic activity by a follow-up in operando PXRD experiment. This would specifically
involve starting with the MOF-templating in pure hydrogen or in 75% Ha/Ar, to observe phase
formation and subsequently switching gas feed to the synthesis gas (80%H: and 20%CO>) in
order to identify the isolated effects of H in the templating phase transformation and the effect
of water on the formation of monoclinic ZrO.. In addition, temperature calibration with the
appropriate gas flow and improved insulation of effluent gas line (whilst allowing for capillary
oscillation) to mass spectrometer would be necessary. The amorphous phase obtained after the
MOF collapse can be, in the future, investigated by scanning and transmission electron
microscopy (STEM), energy-dispersive X-ray spectroscopy (EDS), and in situ or in operando
pair distribution function (PDF) analysis. Lastly, investigation of the CO. methanation

mechanism on this specific catalyst using, for example, infra-red techniques is recommended.
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Appendix 1

A. Rietveld refinement

Rietveld refinement is a least-squares method to refine a calculated model based on the
observed pattern profile.! The method seeks to minimize the difference between observed and

calculated patterns (R,,,) using the following equation:

1

_ |ZiwiGi observed=Yi catcutatea)’ 2
Rup = (wiy? ) (Eg. 1)
z:l WiYiobserved

Where:

e R, isweighted profile R;

e w; is the weighting at step i;

® Viopservea 1S the observed intensity at step i;

® Vi caiculatea 1S the calculated intensity at step i.

The calculated intensity is given by the following equation, which includes phase

parameters and background contribution.

— Vkn
Yi calculated — Zk:kl Giklk + Yi background (Eq 2)

Where:

* Vi caiculatea TETErS to the intensity calculated at a given 26; range;
e G is the peak profile function;

o I, is the intensity of the k™ Bragg reflection;

e LP isthe Lorentz polarization factor;
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e kn s areflection contributing at 26;;
®  Yibackgrouna 1S the background contribution at 26;.
— 2

I =5 (Mi " LPy - P |Fppalic”) (Ea. 3)
Where:

o I, is the intensity of the k™ Bragg reflection;

e s s the scale factor;

e M, is the multiplicity of the reflection, related to the crystal symmetry;

e LP, isthe Lorentz polarisation factor, related to instrument geometry;

e P, isthe preferred orientation factor, related to crystallite morphology;

o |Fplk is the structure factor; related to the atomic composition and arrangement of
the unit cell.

The method involves the use of a model to calculate a profile, the calculated pattern is
compared to the observed data by calculating Rwp, the model is altered by refinement of selected
parameters followed by several iterations of calculating pattern, comparing and refining.
Several software packages are available to perform Rietveld refinement. For this research,
TOPAS™ (Total Pattern Analysis System)? has been used. This software allow two operating
modes: graphical user interface (GUI) and Launch mode. Launch mode lets the user to write
codes that include TOPAS™ functionalities and other logical commands which allow for

analyses flexibility.

B. Rietveld refinement-based quantitative phase analysis

For a sample containing multiple crystalline phases, Rietveld refinement can assist in
their quantification. As described by Madsen et al., considering a crystalline phase «, the

Rietveld scale factor is given by:
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se = [y 2] = (Eq. 4)

pal

Where:

e s, is the Rietveld scale factor for «a;

e K is an experiment constant;

e I/, is the volume of the unit cell for «;
e W, is the weight fraction for «;

e p, is the density of a;

U, 1s the overall sample mass absorption coefficient.

Rearranging Eq. 4 in order to have weight fraction as a function of the scale factor:

p 2.k
Wazw (Eq. 5)

The density of a crystalline phase (p,) can be calculated by the following equation:

—_ ZM(X

Pa = Ve f (Eq 6)

Where:

e 7ZM, is the mass of the unit cell contents;
e I/, is the volume of the unit cell;
e f =1.66054 is the conversion factor from AMU/A to g/cm®.

Substituting Eqg. 6 in Eq. 5:

ZMa 2 )
Sa Va Va“tm Sa'(ZMV) g

We = = = - (Eq. 7)

A solid sample can be composed of a combination of amorphous and crystalline phases,

therefore, the sum of the weight fractions of individual phases is:

Wamorphous + Z;l w;=1 (Eq. 8)

By disregarding the absolute amount of amorphous phase (i.e. “matrix”) in a sample containing
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more than one crystalline phase, the Matrix Flushing method can be used for the relative

quantification of the crystalline phases.*® Therefore:

Wamorphous =0 = Z;l VV] =1 (Eq 9)

Where:

e jindicates crystalline phases

This method can be applied to Rietveld refinement-based quantification.®” Considering
Eq. 7, K and u;, will remain unchanged within the same sample and the addition of another

constrain such as Eq. 9, implies the following equation:

— Sa'(ZMV)q
Wa = s (ZMV);

(Eg. 10)
Eqg. 10 is independent of factors that require additional experimental measurements and can be
used to evaluate the relative composition among identified crystalline phases in the same

sample, but does not consider the amount of an amorphous phase or unidentified crystalline

phases which may also be present in the sample.
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The conversion of CO , into chemicals of commercial interest is a rapidly expanding area of research. Here,
we present a highly active and stable CO, methanation catalyst that is derived from a Ru-impregnated

zirconium-based metal organic framework (MOF) material. The Ru-doped MOF is transformed, under
reaction conditions, into an active catalyst which yields CO, conversions of 96% and a CH, selectivity of
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99%. We demonstrate that the final catalyst was composed of a mixture of Ru-nanoparticles supported

on monoclinic and tetragonal ZrO, nanoparticles. Notably, such catalytic activity has only been achieved
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Introduction

In the past two decades, anthropogenic carbon dioxide (CO,)
emissions have become a major environmental concern. This
can be attributed to the effect of atmospheric CO2 concentra-
tions on the global climate patterns. 1> Accordingly, efforts from
the international community are underway to limit the increase
in average global temperature to a maximum of 2 °C.* One
strategy for controlling CO, emissions is Carbon Capture and
Utilization (CCU). However, for CCU to be economically viable,
an energy efficient processes must be developed for utilising
CO2 as a carbon source which will enable its use for producing
commodity chemicals aligned to industrial needs.*

One pathway to CO, utilisation is hydrogenation to value
added products.® The Sabatier reaction (also known as CO,
methanation), fully reduces CO,, over a catalyst, to produce
methane which can be directly used as a fuel.® This reaction
may find use in the future as part of power-to-gas technology
where hydrogen is produced from renewable energy sources
such as wind or solar power.* A key challenge for the realisa-
tion of this process is improvement in existing catalyst tech-
nologies. For example, directions in this field include the
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using the MOF templating strategy. Catalysts of the same composition were synthesized via different
methods but were less active for CO, methanation.

synthesis of high surface area catalysts, improving CO:z
conversion, minimising unwanted CO production, addressing
poor long-term catalyst stability, low methane production rates
and reducing the reaction temperatures.” * Nickel catalysts on
various supports have been widely studied due to nickel's
natural abundance and relatively low cost. However, most Ni
catalysts suffer from deactivation due to carbon deposition,
sintering, and chemical poisoning.s '* Given these limitations
other metals, such as ruthenium,” have been explored as
potential catalysts. Although, ruthenium-based catalysts are
relatively more expensive, they are very stable and known to be
highly active for CO, methanation.” 111415 With respect to
catalytic supports, Al,O3, TiO,, SiO,, CeO, and ZrO, are most
common.’ **** ¥ The metal-oxide support has a significant
impact on the activity of catalysts in the CO, methanation
reaction. A salient example is ZrO», which exists in three phases:
monoclinic, tetragonal and cubic. Studies have shown that the
respective phases affect CO, conversion for Ni-based cata-
lysts. 161819 Indeed, supports comprised of a combination of two
ZrO, phases were shown to yield more active catalysts1o

Metal organic frameworks (MOFs) are well-known for their
applications in gas absorption, molecular separation,2°2
sensors and catalysis.*® Recent reports have shown that these
materials can be used as templates to synthesise catalysts with
unique morphologies.222s For example, Santos et al. have
recently reported the synthesis of highly active MOF-derived
iron carbide catalyst for Fischer Tropsch synthesis.?627 It is
noteworthy that the novel structure of the MOF derived catalyst
described in that work could not be obtained by other
methods.?¢ Additionally, MOF-derived catalysts have also been
reported for photocatalytic hydrogen production, the reduction
of nitro aromatics and for the aerobic oxidation of alcohols,

This journal is © The Royal Society of Chemistry 2017
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respectively.?® ** These previous studies led us to hypothesise
that a Ru-impregnated Zr-MOF may yield a composite active
towards CO, methanation. Accordingly, here we report that
infiltrating the pores of UiO-66 with RuCls gives rise to
a precursor of a highly active, stable and selective, in situ
generated MOF-derived catalyst for CO, methanation at low
pressure and mid-range temperature.

Experimental

Catalyst precursor synthesis

The methanation catalyst precursors are defined asxRu/UiO-66,
where x — 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75 or 2 wt% of Ru on the
zirconium terephthalate MOF, UiO-66. They were synthesised
by addition of RuCl; into the pores of activated UiO-66 via the
Incipient Wetness Impregnation (IWI) method * to achieve the
desired loading x. Detailed method in ESLf

CO, methanation reaction catalysis

The catalysts were activated in situ under methanation reaction
conditions. We then evaluated the catalytic performance of the
xRu/UiO-66 derived catalyst for CO, methanation under
different pressure and temperature conditions. In a typical
experiment, 20 mg of xRu/UiO-66 was loaded into a fixed-bed
microreactor and, after an in situ drying step, the synthesis
gas mixture was flowed through the bed. The synthesis gas
mixture contained either a stoichiometric ratio of H, and CO,
(Hz: CO2 = 4 : 1) and Ar tracer gas (Hz, 77.6 vol%; CO,, 19.4
vol%; Ar, 3 vol%), or H, : CO, =3.5 : 1 with Ar as tracer gas (H,,
75.44 vol%; CO,, 21.56 vol%; Ar, 3 vol%). The ratios used for
each experiment are indicated in the figure -captions.
Throughout the experiments the temperature and pressure
were controlled and e ffluent gas samples were analysed by a gas
chromatograph. Considering that CO, is less expensive and
more abundant, the limiting reactant in the Sabatier reaction is
H,, which would ideally be obtained from non-fossil-based
sources. For this reason, performance was evaluated at stoi-
chiometric ratios of H2 and CO2 and with a slight excess of COs.
Thus, the authors chose to discuss performance in terms of H,
conversion. Catalyst carbon content, CH4 production and COz
conversion were evaluated for validation of the reported H,
conversion. Other details can be found in the ESL{

Results and discussion

Catalyst activation

Fig. 1A shows an initial increase in hydrogen conversion (Xu,) that
can be attributed to catalyst activation. During this activation
period, 60% mass loss was observed (Table S3 1) and mass spec-
trometry confirmed the loss of organic fragments from the pre-
catalyst 1RU/UiO-66 at 330 °C (Fig. S141). After the activation,
carbon products were derived from CO,, as the carbon content of
the MOF-derived catalyst was less than 2 wt% (Fig. S11). High and
stable Hz conversions were observed from the MOF-derived CO:
methanation catalysts. In particular, Fig. 1A indicates that activation
conditions above 330 °C afford X above 94% and independent of

This journal is © The Royal Society of Chemistry 2017
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Fig.1 (A) H,conversion (X,; ) during CO, methanation reactions using
1Ru/UiO-66 as the precatalyst under different reaction conditions.

Reaction conditions: 20 mg of 1Ru/UiO-66, Hz2: CO2 = 4 : 1, Weight
Hourly Space Velocity (WHSV) =25 L h g ' (B) X,, at different
reaction temperatures and 5 bar for catalysts activated at 250, 300 or

350 °C. Reaction conditions: activation at 30 bar for 22 hours, 50 mg of
1Ru/UiO-66,H,: CO, =4:1,WHSV=43Lh *g *.(C) Scheme of Ru/
UiO-66 synthesis and in situ transformation into the MOF derived
catalyst. Atact = activation period.

pressure. However, 1Ru/UiO-66 derived catalysts activated and
monitored at 250 and 300 °C took 13 h to stabilize, showing Xu,
below 25% throughout the experiment. We note that increasing the
reaction pressure at 350 °C reduced the activation period but had
little impact on optimal conversion. Additionally, the catalyst
showed remarkable selectivity for methane (Scy); 99.9% at all
conditions tested (Fig. 2C and D). The only by-product observed
during this work was CO at very low concentrations (Sgq < 0.1%).

Catalyst performance

To confirm that Ru is necessary for catalytic activity we carried
out an analogous set of experiments with pure UiO-66. Under all
conditions tested no Xu, was detected from this control. In
addition, we found that X;; was dependent on Ru loading.
Fig. 2A shows that conversions above 93% were observed for
loadings higher than 0.75 wt% of Ru on UiO-66. Accordingly, 1
wt% Ru/UiO-66 (1Ru/UiO-66) was used for all other experi-
ments. As a production rate indicator, we report the Weight
Hourly Space Velocity (WHSV) in Fig. 2B, which is the gas feed
flow per catalyst mass unit. From an industrial perspective, it is
desirable to maximize the production of methane using as little
precious metal catalyst as possible. Therefore, a high WHSV
associated with high Xu, is representative of an optimal catalyst.
It is worth mentioning that 20 mg of 0.25Ru/UiO-66 yielded
a catalyst with Xy of 16% (Fig. 2A) while, under the same
conditions, 5 mg of 1Ru/UiO-66 provided X, of 78% (Fig. 2B).
Given that both reactors contained a total of 0.05 mg Ru these
results confirm that the high activity of the MOF-templated
catalyst is not achieved simply by the absolute amount of Ru,
but depends on the structure of the catalyst.

In order to evaluate the performance of the 1Ru/UiO-66-
derived catalyst a number of control samples were prepared
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Fig. 2 (A) Hz conversions (Xu) and (C) CHa selectivity (Scp) for
catalysts derived from digferent loadings (y) of Ru on UiO-66. Reaction
conditions: 20 mg of XRu/Ui0-66, H,: CO, = 4:1, WHSV=19 L h *
g 1, 350°C and 5 bar. (B) XH2 and space time yield for CH,4 (STYcw) for
the MOF-derived catalysts and (D) Scw, for different conditions of
WHSV (gas feed flow per catalyst mass unit), achieved using the indi-
cated amounts of 1Ru/UiO-66 and different gas flows. Reaction
conditions: Hz: CO2= 4:1, 350 °C and 5 bar. Error bars represent

standard deviation over 40 h periods. CO was the only by-product
observed.

(Fig. 3). Ru was loaded onto several pre-made supports using
identical IWI conditions to the MOF-based precatalyst; pre-

made monoclinic zirconia (pmZrO2), activated carbon (C), and
mesoporous silica (SBA-15), to yield 1 wt% Ru loading. These

250 °C

330 °C

View Article Online

Paper

control samples were then assessed for their catalytic perfor-
mance for CO2 methanation alongside 1Ru/UiO-66 and
a commercially available Methanizer catalyst. We note that the
MOF-based precatalyst undergoes significant mass loss during
the in situ templating of the active catalyst. To ensure consis-
tency, 20 mg of 1% Ru loaded on the different supports was
used so that the absolute amount of Ru was equivalent in all
experiments undertaken with different support materials. In all
conditions tested, a significantly greater Xu, was observed for
the MOF-derived catalyst (Fig. 3). Furthermore, this catalyst was
the most selective for methane and inhibited formation of the
by-product CO which is commonly present in CO, methana-
tion.” ** The catalyst's remarkable stability over isopressure
periods of 40 h is evidenced by the small standard deviation
bars, Fig. 3, and the consistent conversion X;_ in Fig. 1. Even
after shutdown and exposure to air, deactivation was not
observed for the derived catalyst (Fig. S157).

In addition to high stability, the 1Ru/UiO-66-derived catalyst
showed comparable or better activity than high-performing CO2
methanation catalysts reported in the literature1+181933 3¢ and
achieved conversions equivalent to the thermodynamic equi-
librium of the Sabatier reaction (Fig. S151). The 1Ru/UiO-66-
derived catalyst can be considered superior based on its
combined performance characteristics: it requires a very small
amount of catalyst to convert CO srich streams at high gas flows
conditions, it displays stable conversion in excess of 160 h, it is
very selective for CH,, has extremely low CO by-product
formation, and operates at medium range temperatures
(Fig. 1B).

It is evident that the composition, in addition to the Ru
loading, of the MOF-derived catalyst underpins its exceptional
activity. This was confirmed by performing studies that showed,

350 °C
30

ksl
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Fig. 3 Average H, conversion ¥u,) and selectivity for CO (Sco) by-product for samples at 250, 330 and 350 °C (left to right) with increasing
reaction pressure conditions indicated by the colored bars. Average conversion values were obtained across isopressure periods of ~40 h. Total
experiment time: 160 h. Reaction conditions: 20 mg of fresh sample as above, H, : CO, =3.5 : 1, gas flow = 14.3 mL min *. Error bars represent
standard deviation across an average of 3 4 measurements. * Tested at 270°C.

12992 J Mater. Chem. A 2017, 5, 12990 12997

This journal is © The Royal Society of Chemistry 2017

251


http://dx.doi.org/10.1039/c7ta00958e

Publication

APPENDIX 2

Paper

even at low concentrations, the presence of Ru was critical for
catalytic performance; UiO-66 with no further treatment was
inactive for CO, methanation. We also investigated whether the
catalytic activity depended on the morphology of the template,
UiO-66, in addition to the chemical composition. Accordingly,
we prepared a solid mixture with the MOF precursors: ZrCl, and
terephthalic acid (H2BDC) in the molar ratio present in UiO-66,
and then added RuCl; to produce a sample with chemical
composition equivalent to the 1Ru/UiO-66. The catalytic activity
of this sample was assessed at 350 °C and 5 bar and no methane
production or H, conversion was detected. This provides strong
evidence that the UiO-66 framework plays an important role in
templating the structure of the active catalyst. This result is in
agreement with previous studies®® and is a further demonstra-
tion that MOFs can confer unique architectures to solid-state
catalysts.

Powder X-ray diffraction

To elucidate the structure of the MOF-derived catalyst we per-
formed a series of X-ray diffraction (XRD) experiments. We
activated and tested the 1Ru/UiO-66 pre-catalyst at 250 °GC,
300 °C and 350 °C (Fig. 1B) and then recorded XRD patterns
representative of each temperature after 20 and 100 hours on
stream (Fig. 4). Rietveld refinement based quantitative phase
analysis of the data indicates that both monoclinic (m-ZrO,)
and tetragonal (t-ZrO2) phases of ZrO2 are present with their
respective ratios varying with reaction temperature and time.
However, there were no peaks that could be attributed to the
presence of a Ru® or RuO, phase. XRD reflections in diffracto-
grams are affected by the relative amount of a phase, crystal-
linity and crystallite size. The catalyst contains only 3 wt% of Ru
and Ru® nanoparticles are commonly found in an amorphous
form.*** Therefore, microscopy and elemental mapping were
used to investigate the Ru phase (below). The MOF-derived
catalyst activated at 350 °C yielded a greater proportion of m-

ZrO2 than the one activated at 250 °C. In addition, the catalyst

20h

250 °C

/\_/\/\
{j 300 °C

350 °C

Intensity

e e e

20 30 40 50 60 70
261°
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activated at 350 °C performed better at 250 °C than the sample
activated and kept at 250 °C. This infers a correlation between
the amount of m-ZrO ,present and activity (Fig. 1A and B and 4).
Catalyst samples activated and tested at 300 and 250 °C were
less active (Fig. 1A and B), and contained more t-ZrO, (Fig. 4).
For these lower activation temperatures, the reaction time was
observed to have an effect on composition and microstructure
as well as on the conversion. This variation can be explained by
the existence of a temperature threshold for the fast decom-
position of 1Ru/UiO-66 under synthesis gas flow. Fig. S14}
shows the efflyent composition during the activation of the
MOF-derived catalyst in a single channel reactor connected to
a mass spectrometer. An increasing loss of organic fragments
was observed from 300 to 330 °C, at which point it reached
a maxima, subsequently the conversion of the reagents and the
production of CH4 increased drastically. To further understand
the changes in morphology under simulated reaction condi-
tions, we performed controlled atmosphere and variable
temperature (in situ) XRD of the precatalyst. This study at 1 bar
confirmed that the MOF structure collapsed at 330 °C, in
agreement with the loss of fragments observed by mass spec-
trometry, giving rise to an amorphous phase (Fig. 5). This
disordered phase, caused by the loss of the organic linkers,
crystallizes into the ZrO, tetragonal and monoclinic phases at
diff erent rates depending on the temperature (Fig. 4) to produce
the active catalyst. Thermal decomposition of UiO-66 in air*
and in N, (ref. 40) atmosphere typically produce tetragonal
ZrO,. The high content of monoclinic ZrOz in the catalyst is
explained by the presence of H,0,* which is produced via CO,
methanation during activation. This highlights the importance
of the activation under reactive conditions to generate an active
catalyst.

Electron microscopy

The microstructure of the MOF-derived catalyst was studied by

Transmission Electron Microscopy (TEM) and Energy-

100 h

250 °C

JL\QMA&Q_

| obs

——lcalc
——m-Zr02

20 30 40 50 60 70
261/°

Fig. 4 Diffactograms of MOF-derived catalysts activated at 250, 300 and 350 °C at 30 bar, after 20 h and after 100 h. Black lines indicate the
collected data; red lines, the calculated prdfile from Rietveld quantitative phase analysis; and green and blue lines the individual contribution of
each phase calculated by the Rietveld method (ESH). Diffractograms are offset for clarification.
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Fig. 5 (A) Controlled atmosphere and variable temperature (in situ)
PXRD of 1Ru/UiO-66 in simulated reaction conditions. (B) Rietveld
refinement scale factor versus time and temperature for UiO-66
crystalline phase and the resulting amorphous phase. Experimental
details can be found in the ESIf

Dispersive X-ray Spectroscopy (EDS). The activated catalyst
consisted of a hierarchical nanostructure. Nanoparticles of ZrO2
in the range of 10 to 20 nm, in agreement with crystallite
domain size obtained from XRD, were organized in clusters
from 100 to 200 nm (Fig. 6B). These clusters resembled the
precursor 1Ru/UiO-66 crystals in size and shape (Fig. 6A).
Smaller Ru nanoparticles (Ru NPs) in the range of 2 to 5 nm
were observed on the surface of the ZrO, particles (Fig. 6C and
D). EDS mapping infers that the Ru NPs are homogeneously
dispersed on the ZrO, surfaces (Fig. 7). The observed distribu-
tion of Ru is most likely due to the precursor MOF as a control
sample of 1Ru/pmZrO: (pm = pre-made) does not show the
same spatial coincidence of Ru and Zr (Fig. 7). Elemental
mapping at higher magni fration confirmed the presence of Ru
NPs, additionally, the different spatial location of oxygen and
Ru suggests that the nanoparticles consist of elemental Ru
rather than Ru oxide (Fig. 8 and S217). In summary, the
microscopy data provide evidence that the MOF-derived catalyst
is composed of larger ZrO; nanoparticles (10 20 nm) decorated
by smaller Ru® NPs (2 5 nm).

X-ray photoelectron spectroscopy

The surface of the MOF-derived catalyst was examined by X-ray

photoelectron spectroscopy (XPS). The high resolution spectra
peak shape and binding energy position of the Ru is consistent
with RuO, (Fig. S24 and Table S71).#2 These results are in
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1Ru/UiO-66 1Ru/UiO-66 derived catalyst

A)

200nm

1Ru/UiO-66 derived catalyst

Fig. 6 (A) TEM of 1Ru/UiO-66 and of (B) 1Ru/UiO-66 derived catalyst,
the final catalyst is made of nanoparticle clusters which resemble the
UiO-66 particles. (C and D) HR-TEM of 1Ru/UiO-66 derived catalyst
displaying the Ru particles (2 5 nm) supported on the ZrO, particles
(10 20 nm). The MOF-derived catalyst was activated and tested at
350 °C, 30 bar for 100 h.

contrast to EDS maps that indicate the bulk of the nanoparticles
consist of Ru’, the presence of surface RuO, can be explained by
oxidation of the surface Ru® atoms upon exposure to air. 4 The
amount of Ru and Zr on the catalyst surface was quanti fied by
XPS elemental analysis which aff orded a Ru : Zr atomic ratio of
1:9. This value is significantly higher to the bulk Ru:Zr
elemental quantification of 1: 24 and provides further confir-
mation that the Ru nanoparticles supported on the ZrO,

surface.

DFT calculations

To provide insight into the structure of the catalyst precursor,
Density Functional Theory (DFT) calculations were performed
to evaluate the interaction between a Ru atom and the UiO-66
secondary building unit (SBU) (Fig. 9). Cation exchange
between Zr and Ru atoms during IWI was considered unlikely as
the solvent is dried at 80 °C just after the addition of the RuCl,
solution, not allowing a substantial amount of time for the
exchange.ss According to Table 1, the most favourable site for
the 1Ru/UiO-66 is the configuration A, where the Ru atom is
bonded to one oxygen and two zirconium atoms before the
relaxation (high negative values of 6Emin imply that some
configurations are not allowed or stable, while low values
indicate favourable configyrations). Configuration B is the
second most probable with an energy difference of 14 eV. This
small energy difference is attributed to the fact that the final
position of the Ru atom is similar to the initial configuration in
both cases and remains bonded to the same atoms with very
small change of conﬁgurations; while conﬁgurations C, D, and

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Microscopy images including STEM, backscattered electrons
(BSE) and EDS elemental mapping of Zr and Ru for the precursor MOF,
MOF-templated catalyst and Ru impregnated on pre-made mono-
clinic zirconia catalyst (IRu/pmZrO,). The elemental mapping of 1Ru/
UiO-66 and the MOF-templated catalyst exhibited a great dispersion
of Ru on the ZrO, particles. This level of dispersion was not observed
for the 1RU/pmZrO; catalyst, which presented most ZrOz particles Ru-
free.
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Fig. 9 Initial (top) and final (bottom) configurations for the geometry
optimization of different locations of Ru binding to the SBU. The
spheres indicate atom position (Ru, magenta; O, red; Zr, blue and H,
white). The most energetically favourable configurations A and B
undergo subtle changes during the optimization, while con figurations
C, D and E undergo major changes.

E undergo substantial configuration changes (Fig. 9 and Table
1). Con figurations A and B suggest that the Ru atom is coordi-
nated to the metal node in a position normally occupied by
a terephthalate linker. We note that this is consistent with
previous studies which show that metal node defect sites in
Ui0-66 preferentially bind to other metals.***” In this system,
the post-synthetic metalation*® of these defect sites may lead to
the controlled distribution of Ru throughout the framework of
the catalyst precursor MOF (Fig. 7).

Upon the MOF collapse, during the activation period, the
MOF loses its organic linkers and the MOF SBUs form a disor-
dered (amorphous) phase before they rearrange to form ZrO,
nanoparticles. Nanocrystalline ZrO» presents an excess of
oxygen vacancies® which are responsible for the adsorption of
CO, in the methanation process.’®® Ru species previously
dispersed through the precursor MOF (1Ru/UiO-66) migrate to
the surface of the nano-ZrO, and form Ru NPs. The high level of
Ru NPs dispersion in the final catalyst is owed to the dispersion

Fig. 8 High resolution TEM, high-angle annular dark-field (HAADF) and EDS elemental mapping of 1Ru/UiO-66 templated catalyst. The MOF-
templating method yielded a catalyst containing Ru nanoparticles (2 5 nm) supported on ZrO, nanoparticles (10 20 nm). The oxygen map does
not correlate with the Ru location, indicating the ruthenium to be Ru™. Catalyst activated and tested at 350 °C and 30 bar.
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Table 1 Geometrical features and calculated energy for the configurations displayed in Fig. 9

Initial D;Ru O D;Ru Zr Final
A 2.2a, 2.2b 3.4a, 3.4b A
B 2.2a, 2.2b 3.4a, 3.4b B’
C 2.1a 0.0a c
D 2.1a, 0.0b 0.0a, 0.0b D
E 0.0a 0.0a, 0.0b E'

Paper
D¢ Ru O D¢Ru Zr Erotal eV 0Bnin/eV
2.0a, 2.0b 3.0a, 3.0b 5681 0
2.1a, 2.1b 3.0a, 3.0b 5667 14
2.1a 0.0a 5229 452
2.1a, 2.4b 2.8a, 2.9b 5226 455
2.1b 2.8a, 2.9b 4762 919

@ D, ¢ initial and final distances in A. Sub-indexes a and b correspond to neighbouring atoms of each element (Fig. 9). &, relates the maximum
energy deviations observed from the lowest energy con figuration with respect to Ru position.

of Ru in the precursor MOF. In this study, the distribution of Ru
NPs on nano-ZrO , matrix may underpin the exceptional activity
of the MOF-derived catalyst. Accordingly, when the oxygen
vacancies are associated with the hydrogenation properties of
Ru NPs, a high activity for the CO, methanation was observed
even at low Ru loading and at high WHSV.

Conclusions

We have identified a highly active catalyst for CO, methanation
derived from Ru impregnated UiO-66. Thefinal Ru/ZrO, catalyst
displayed CO, conversions in the range of 96 to 98% when
operating under high gas flow rates. In addition, it showed
remarkable stability and high selectivity to methane for more
than 160 h of testing. The combination of these reactive prop-
erties assures this catalyst superiority when comparing it to
other cutting edge catalysts, however, poisoning tests have not
yet been performed for this material. This work highlights that
MOFs can confer unique morphology to heterogeneous catalyst
systemsvia a templating strategy. Such in situ generation of the
active catalyst by MOF-templating has the advantage of not
requiring a calcination step at high temperatures or caustic
chemical processing. 181924263550 32 Furthermore, the precise
spatial control of metal-oxide and organic components offered
by MOF chemistry provides excellent potential for the design of
new solid-state catalysts.
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A Ru-impregnated Ce -based MOF was used as a sacrificial template
for the preparation of an NH3 synthesis catalyst. Formation under
reaction conditions gave a catalyst with remarkable performancein
comparison to benchmark catalysts. The MOF-templating route
was found to provide excellent control over the size and
distribution of both the metal oxide support and the active metal
components.

Ammonia (NH3s) synthesis via the Haber-Bosch process iswidely
applied in industry for the production of artificial fertilizers.1
This process involves the reaction of N2 and H2 over
heterogeneous catalysts. The reaction is endothermic and
equilibrium controlled, thus high pressures and temperatures
are necessary to shift the equilibrium towards NH; production 2
For example, Febased catalysts are typically employed in
industry under operating conditions of 500 °C and 200 bar.1b
This energy intensive process is estimated to consume 2% of
energy produced globally.3 As a result, decreasing the energy
requirements for the large scale production of NHs is an on-
going challenge 4 To this end, supported Ru nanoparticles have
been explored as an alternative to Fe based catalysts as they
show higher reactivity at significantly lower pressures?
However, stability, availability and cost have discouraged their
commercial use.4a 6 Fundamental studies have shown that the
efficiency of Ru catalysts is structure dependent.® Therefore,
synthesis methods that offer control over the final catalyst
structure may help to maximise the production of ammonia per
unit mass of Ru.6 7 Additonally, the composition of the catalyst
support material is also critical to the efficiency of the reaction.
Although the support materials do not present significant
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catalytic activity alone, their physicochemical properties do
influence the activity of catalytic systems * & Support materials
commonly used include: carbon, MgO;, Al,O;, and Ce0,.8 ° Of
these, CeQ: is reported to be an effective support material for
Ru based catalysts 22 as the presence of the reversible redox
pair Ce4+/Ce3+ can increase the electron density on Ruo and
facilitate N, activation.% 10

The synthetic approach used to generate heterogeneous
catalysts can have a significant effect on their performance,
especially with respect to the morphologies and surface
chemistry of Ru and CeO,. 7 11 For example, nanoparticleS With
a high number of reactive surface sites are desired in
heterogeneous catalysts.”@ However, synthesising nanoparticles
of specific size and distribution on the support can be
challenging, @s they tend to aggregate and sinter under
operating conditions. Ilwamoto et al. have demonstrated
preparation of Ru/MgO catalysts via sol gel methods, where
both the support and the active metal were synthesised
simultaneously. This approach led to a homogeneous
distribution of Ru on the support and high NH; production
rates.!?

Metal-organic Frameworks (MOFs) are hybrid materials
composed of inorganic nodes connected by organic linkers.13
The wide variety of organic and inorganic building units gives
rise to an expansive number of possible structures that possess
diverse chemical functionality and physical properties.14 MOFs
have been widely explored as porous catalysts !5 however;
recent reports have described the advantage of using the
tailored structures of MOFs as templates for functional
materials including novel catalysts.16 In the examples reported,
the MOF template engendered specific elemental distributions
and structures that could not be obtained by other synthetic
approaches. Furthermore, thé templating method led to
enhanced catalytic performance.l’

Previously, we have described the application of
MOF templating for the production of a highly active Ru/zZrO,
nanostructured catalyst for CO, methanation.7a The high
activity was attributed to the homogeneous distributionof size
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controlled Ru nanoparticles on the nanostructured ZrO,
support- Here, we report a MOF templating route for the
synthesis of a highly active Ru/CeQ; catalyst for NHz synthesis.
The templated catalyst was compared to a series of controls,
including a Ru based literature reported catalyst, a commercial
Waustite catalyst (Amomax 10), other MOF derived catalysts:
and samples of analogous chemical composition synthesised by
other methods. The Cerium-based MOF, Ce-UiO-66, which is
structurally analogous to UiO 6618 was employed as the
template to afford a CeO; support and RuClz was introduced
into the pores of the MOF via Impregnation to provide the
active catalyst (Fig. 1).

Comparing the performance of literature reported catalysts is
challenging as the test conditions used are variable (e.g. gas
velocity, catalyst mass, reactor design). Furthermore, different
methods of analysis (e.g. gas chromatography, titration) can be
employed . To overcome this issue, we selected acommercially
available benchmark NHz synthesis catalyst Wustite (FeO)
(Amomax 10, Sud Chemie) and synthesised, the well known,
highly active low pressure Ru based catalyst developed by Aika
et al.® for intitial screening studies Using a multi channel
catalysis rig,172 we were able to test these samples under the
same conditions as the MOF templated catalysts and controls
reported in this study.

The initial catalyst screening included a fresh sample of
1%Ru/Ce-Ui0-66, catalysts derived from 1%Ru/UiO-66 and
2%Ru/UiO 66 templated previously, and Amomax 10 (Fig. 2A)
All catalysts were subjected to the activation conditions
required for Amomax 10 (pure H, flow, at 475 °C and 1 bar).
After this activation procedure all the catalysts displayed stable
conversion for approximately 30 hours under reaction
conditions (Hz 1.875 mL/min; N2z,  0.625mL/min; Ar,
0.417 mL/min; at 475 °C and 160 bar). Amomax 10 showedthe
highest NH3 production per unit of catalyst mass, however;
among the MOF derived catalysts, the Ce based catalyst
significantly outperformed its Zr analogues. The lower
performance of Ru/ZrO, compared to Ru/CeO is in agreement
with previous reports, which describe the negative impact that
the acidic nature of ZrO, has on ammonia synthesis.1® On the
other hand, a basic support will assist the reaction by donating
electrons to Ru .19

High temperatures and pressures are necessary to ensure high
activity for Amomax 10. Thus if, Ru based catalysts operate at
milder conditions, they may offer an energetic advantage for
NHz production. Accordingly, a systematic comparison of the
Ru based samples was performed at lower temperatures and
pressures. In these experiments, a low pressure benchmark
catalyst reported by Aika et al, that is composed of of Ru
supported on MgO and promoted with Cs (2%Ru Cs/MgO), was
included . A series of RuCls-impregnated CeUiO-66 samples
with different Ru loadings were prepared: varying from 0.25 to
2 wt% Ru/Ce UiO 66. Furthermore, a series samples composed
of RuCl; impregnated directly on pre made cubic CeO, (10 nm)
were prepared with loadingsof 0.5, 1, 1.5and 2% Ru/CeOx.

At temperatures lower than or equal to 350 °C and pressures of
10, 30, and 50 bar we did not detect ammonia production, even
for the benchmark catalyst. However, the previous report by

2| J. Name., 2012,00,1 3

1) UiO-66

2) Ce-UiO-66
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Fig. 1: PXRD patterns of 1) UiO 66; 2) Ce UiO 66; 3) MOF templated catalyst (MTcat)
derived from Ce UiO 66; 4) 1% Ru/Ce UiO 66; and 5) active catalyst, MTcat derived from
1% Ru/Ce UiO 66. The crystalline structure of the MOF is clearly observed in is the
patterns 1, 2, and 4. MTcat testing from Ce UiO 66 generated an amorphous phase (3).
In contrast, 1%Ru/Ce UiO 66 templated an active catalyst composed mostly of cubic
Ce0, (5), the broad peaks are a result of the small crystallite size formed. The sharp peaks
are from highly crystalline SiC used as catalyst diluent (Fig. S6).
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Fig. 2: A) Catalytic performance of FeO and MOF templated catalysts (MTcat) at 475 °C
and 160 bar. B) NH3 production per unit mass of Ru during catalyst testing at 400 °C with
variable pressure. RuCl; was impregnated onto CeUiO 66 at different loadings as
indicated. The chart indicated the performance of the catalyst derived from these
precursors. 2% Ru Cs/MgO catalyst was prepared according to Aika et al Error bars show
standard deviation of the 3 measurements

Aika et al. indicated that the 2%Ru-Cs/MgO catalyst does
display activity under these conditions® We posit that variances
in NH; detection range among effluent analysis techniques used
may explain this discrepancy.

When the reaction temperature was elevated to 400°C the
Ru/Ce UiO 66 templated catalyst displayed remarkable activity
(Fig. 2B). The most active MOF templated catalyst was derived
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Fig. 3 AD) High resolution TEM of the catalyst templated by 1%Ru/Ce UiO 66 at
different magnifications. It is possible to observe that the catalyst is composed of
clusters of nanoparticles (A and B). Within these clusters, nanocrystals can be observed
(Cand D).

from 0.75% Ru/Ce-UiO-66, producing 14, 20.5 and 22.9
molwz/h.gru at 10, 30 and 50 bar, repsectively- It is noteworthy,
that at 30 and 50 bar the MOF derived catalyst outperformed
the benchmark 2% Ru-Cs/MgO, which generates 18.1, 18.1 and
16.1molyyz/h.gry at 10, 30 and 50 bar, respectively.
Additionally, the family of MOF templated catalysts also display
increasing conversion at higher pressures, indeed the error bars
in Fig. 2B obscure an increasing conversion with time (Figure
S5), whereas theconversion by the 2% Ru-Cs/MgO catalyst was
not affected by the pressure increase, in agreement with
previous reports.20 It is noteworthy that at 30 and 50 bar
MOF templated catalysts composed of of 0.75, 1 and
1.25% Ru/Ce-UiO-66 outperformed the positive control 2% Ru-
Cs/MgO. The catalysts prepared via direct impregnation of
RuCk on pre-made CeO, did not produce detectable amounts
of NH; at any of the tested conditions. The use of metal
precursors that contain Cl are usually avoided in the synthesis
of NHs catalysts as Cl is known to have a poisoning effect,2!
although there is no consensus on the poisoning mechanism by
Cl atoms. Notably: the presence of Cl in the precatalysts
RuCk/Ce UiO 66 did not inhibit catalytic activity of the derived
catalysts.

The structure of the Ce MOF templated catalyst was studied by
powder X-ray diffraction (PXRD), transmission electron
microscopy (TEM), energy dispersive spectroscopy (EDS) and
electron diffraction to determine the chemistry underpinning
its efficacy. The MOF templated -catalyst (MTcat) from
1% Ru/Ce-UlO-66 was analysed using synchrotron X-ray
powder diffraction to obtain high resolution diffractograms (Fig.
1). The peak positions and broadness suggest that the catalyst
is composed of nano sized cubic CeO, 22 The integral breadth
apparent size (Lvol-IB) is used in XRD to estimate crystallite
domain sizes, although actual crystallite sizes will depend on the
morphology of the particle-?® For the templated catalyst, the
Lvol IB for cubic CeO, was 6 nm. No reflections corresponding
to a Ru phase were observed in the synchrotron source
diffractograms which is consistentwith our previous studies on

This journal is © The Royal Society of Chemistry 20xx
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the MOF templating of a Ru/ZrO, catalyst.17a We attribute the
absence of Ru peaks toits oW |oading on the support and to the
small size of the nanoparticles. Nevertheless, diffraction studies
indicate that Ru is crucial to directing the structure of the
catalyst. For example, neat Ce-UiO-66 processed under
analogous conditions gave rise to an amorphous phase rather
than nanostructured CeO,.

TEM performed on the active catalyst was in agreement with
the PXRD analysis, indicating the presence of CeO,nanocrystals
in the rage of 4-6 nm (Fig. 3 and S7). These crystals were found
to agglomerate intolarge clusters approximately 130 170 nm in
size .It is noteworthy that these clustersare similar in size to the
apparent crystallite size (Lvol IB) of 200 nm for the parent MOF,
Ce-UiO66. This suggests that CeO, nanoparticle clusters are
formed directly from the collapse of the MOF crystals. In
agreement with our previous observations,'’® on the MOF

templating of Ru/ZrO,.

Due to the high electron density of Ce, Ru cannot be clearly
distinguished using TEM. Thus, in order to evaluate the
distribution of Ru NPs in the catalyst we employed €lectron
dispersive X ray spectroscopy (EDS) (ig. 4). The EDS maps
indicated the Ru nanoparticles are evenly distributed
throughout the CeO, nanoparticles(Fig. 4). Additionally, the Ru
NPs were approximately 2 nm in size, significantly smaller than
the CeO, support. Electron diffraction identified hexagonal
close-packed Ru® (Fig. S9) and no evidence of RuO2 phases even
after storage in air. These results confirm that the bulk of the
Ru® nanoparticles may be stabilised on the CeO. support by
intimate integration with the CeO , nanocrystals.

Fig. 41 TEM, HAADF igh angle annular dark field) and EDS (Energy dispersive
spectroscopy) mapping for the MOF templated catalyst derived from 1%Ru/Ce UiO
66. The elemental maps show small clusters of Ru (less than 2nm) evenly dispersed on
the CeO, For clarification, contrast was improved on Ru map.
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We attribute the high activity of the MOF templated catalyst to
its unique composite Nanostructure. For example, Ce0, is
considered an efficient support due to its facile redox activity
(Ce#+/Ce3*), with the presence of this redox pair is believed to
modulate the electron density on the surface of Ru
nanoparticles and improve the activation of N, 7b. 24 The small
size of the templated CeO,crystals may be key to allow a higher
amount of Ce4* to be reduced and the consequent creation of
surface O vacancies These results are in agreement with other
recent reports on MOF-templated CeO. based oxidation
catalysts, which also demonstrated the successful synthesis of
smaller CeO; particles and a significant increase in the overall
catalytic activity 17d.e Furthermore, it is known that for Ru based
catalysts, the presence of Bs-type sites on Ru® nanoparticles
may facilitate ammonia synthesis.7a These sites are typically
found on the edges of crystals, and the proportion of Bs type
sites per mass of Ru is known to be higher for Ru®nanoparticles
in the range of 2 to 2.5 nm 6 25 We conclude that the high
activity of the Ru/Ce UIO 66 derived catalyst can be attributed
to the homogeneous dispersion of such RU NPs on the CeO,
support.

In summary, we employed a Ru-impregnated Ce-MOF
(x% Ru/Ce UiO 66)as a template for an NH3 synthesis catalyst.
Compared to thecontrol catalyst,2% Ru-Cs/MgOat 50 bar the
MOF  templated catalysts, 0.75%Ru/Ce UiO 66 and
1% Ru/Ce-UiO-66, showed 42% and 36% higher activity per
mass of Ru, respectively. We note that this high performanceis
the result of the unique catalyst structure that can only be
achieved via the MOFtemplating route. We employed
diffraction and microscopy to elucidate the catalyst structure
and found that it was composed of small Ru© nanoparticles
(~2 nm) homogeneously distributed on CeO2 nanoparticles 4 to
6 nm in size. In summary, this work exemplifies how the MOF

templating route can be applied to synthesis of highly active
catalysts.

Aspects of this research were undertaken on the Powder
Diffraction beamline at the Australian Synchrotron, Victoria,
Australia. This work was supported by CSIRO and The University
of Adelaide. R. Lippi acknowledges The University of Adelaide
for the Beacon of Enlightenment Ph.D. Scholarship. The authors
acknowledge Ruth Fischer for synthesising the positive control.

Conflicts of interest
There are no conflicts to declare

Notes and references

1 a) V.Smil, Nature, 1999, 400, 415 415; b)T. Kandemir, M. E.
Schuster, A. Senyshyn, M. Behrens and R. Schlogl, Angew. Chem.
Int. Ed., 2013, 52, 12723 12726.

2 A.T.larson,J. Am. Chem. Soc., 1924, 45, 367 372.

3 P.H.Pfromm,J. Renew. Sustain. Energy, 2017,9.

4 a) N. Saadatjou, A. Jafari and S. Sahebdelfar, Chem. Eng. Commun.,
2015, 202, 420 448; b) M. A. Shipman and M. D. Symes, Catal.
Today, 2017, 286, 57 68.

5 M. Muhler, F. Rosowski, O. Hinrichsen, A. Hornung and G. Ertl, Stud.
Surf. Sci. Catal., 1996, 101, 317 326.

4] J. Name., 2012,00,1 3

© ©

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

C.J. H. Jacobsen, S. Dahl, P. L. Hansen, E. Torngvist, L. Jensen, H.
Topsge, D. V. Prip, P. B. Mgenshaug and |. Chorkendorff, J. Mol.
Catal. A: Chem., 2000,163, 19 26.

a) S. Dahl, A. Logadottir, R. C. Egeberg, J. H. Larsen, I. Chorkendorff,
E. Térngvist and J. K. Narskov, Phys. Rev. Lett., 1999, 83, 1814 1817;
b) Z.Ma,S. Zhao, X. Pei, X. Xiong and B. Hu, Catal. Sci. Technol.,
2017, 7,191 199.

K. i. Aika, T. Takano and S. Murata, J. Catal, 1992, 136, 126 140.

a) Y. Niwa and K. i. Aika, J. Catal., 1996, 162, 138 142; b)L. Forni, D.
Molinari, I. Rossetti and N. Pernicone, Appl. Catal., A, 1999,185,
269 275.

a) Z. Ma, X. Xiong, C. Song, B. Hu and W. Zhang, RSC Adv., 2016, 6,
51106 51110; b) C. T. Campbell and C. H. F. Peden,Science, 2005,
309, 713 714.

a) Z. Song, T. Cai, J. C. Hanson, J. A. Rodriguez and J. Hrbek, J. Am.
Chem. Soc., 2004, 126, 8576 8584; b) C.Fernandez, C. Sassoye,
D. P. Debecker, C. Sanchez and P. Ruiz, Appl. Catal., A, 2014, 474,
194 202.

J. lwamoto, M. Itoh, Y. Kajita, M. Saito and K. i. Machida, Catal.
Commun., 2007, 8, 941 944.

H. Furukawa, K. E. Cordova, M. O'Keeffe and O. M. Yaghi, Science,
2013, 341, 1230444.

Y. G. Chung, J. Camp, M. Haranczyk, B. J. Sikora, W. Bury, V.
Krungleviciute, T. Yildirim, O. K. Farha, D. S. Sholl and R. Q. Snurr,
Chem. Mater., 2014, 26, 6185 6192.

a) W. M. Bloch, A. Burgun, C. J. Coghlan, R. Lee, M. L. Coote, C. J.
Doonan and C. J. Sumby, Nat. Chem., 2014, 6, 906 912; b) H. G. T.
Nguyen, N. M. Schweitzer, C. Y. Chang, T. L. Drake, M. C. So, P. C.
Stair, O. K. Farha, J. T. Hupp and S. T. Nguyen, ACS Catal., 2014, 4,
2496 2500; c) A. Burgun, C.J. Coghlan, D. M. Huang, W. Chen, S.
Horike, S. Kitagawa, J. F. Alvino, G. F. Metha, C. J. Sumby and C. J.
Doonan, Angew. Chem. Int. Ed., 2017, 56, 8412 8416.

a) Y. Song, X. Li, L. Sun and L. Wang, RSC Adv., 2015, 5, 7267 7279,
b) L. Zhang, H. B. Wu and X. W. Lou, J. Am. Chem. Soc., 2013, 135,
10664 10672; c)S. N. Zhao, X. Z. Song, S. Y. Song and H. j. Zhang,
Coord. Chem. Rev., 2017, 337, 80 96; d) L. Oar Arteta, T.
Wezendonk, X. Sun, F. Kapteijn and J. Gascon, Mater. Chem. Front.,
2017, 1,1709 1745.

a)R. Lippi, S. C. Howard, H. Barron, C. D. Easton, I. C. Madsen, L. J.
Waddington, C. Vogt, M. R. Hill, C. J. Sumby, C. J. Doonan and D. F.
Kennedy, J. Mater. Chem. A 2017, 5, 12990 12997; b) V. P. Santos,
T. A. Wezendonk, J. J. D. Jaen, A. I. Dugulan, M. A. Nasalevich, H. U.
Islam, A. Chojecki, S. Sartipi, X. Sun, A. A. Hakeem, A. C. J. Koeken,
M. Ruitenbeek, T. Davidian, G. R. Meima, G. Sankar, F. Kapteijn, M.
Makkee and J. Gascon, Nat. Commun., 2015, 6, 6451; c) P. Wang, J.
Feng, Y. Zhao, S. Wang and J. Liu, ACS Appl. Mater. Interfaces, 2016,
8, 23755 23762; d)C. W. Abney, J. T. Patterson, J. C. Gilhula, L.
Wang, D. K. Hensley, J. Chen, G. S. Foo, Z. Wu and S. Dai, J. Mater.
Chem. A, 2017, 5, 13565 13572; e) H. Wang, M. Liu, S. Guo, Y.
Wang, X. Han and Y. Bai, Mol. Catal., 2017, 436, 120 127.

M. Lammert, M. T. Wharmby, S. Smolders, B. Bueken, A. Lieb, K. A.
Lomachenko, D. D. Vos and N. Stock, Chem. Commun., 2015, 51,
12578 12581.

Z.g.Wang, Y. ¢. Maandl. x. Lin, J. Mol. Catal. A: Chem., 2013, 378,
307 313.

F. Rosowski, A. Hornung, O. Hinrichsen, D. Herein, M. Muhler and G.
Ertl, Appl. Catal., A, 1997, 151, 443 460.

B. Lin, R. Wang, J. Lin, J. Ni and K. Wei, Catal. Commun., 2011,12,
1452 1457.

P. Scherrer, Nachr. Ges. Wiss. Gottingen, Math. Phys. K., 1918,
1918, 98 100.

J. 1. Langford, D. Louer and P. Scardi, J. Appl. Crystallogr., 2000, 33,
964 974.

L. Zhang, J. Lin, J. Ni, R. Wang and K. Wei, Catal. Commun., 2011, 15,
23 26.

K. Honkala, A. Hellman, I. N. Remediakis, A. Logadottir, A. Carlsson,
S. Dahl, C. H. Christensen and J. K. Ngrskov, Science, 2005, 307, 555
558.

This journal is © The Royal Society of Chemistry 20xx

260



	Title
	Table of contents
	Abstract
	Declaration
	Acknowledgements
	List of abbreviations
	Chapter 1
	Metal-organic frameworks
	Renewable H2 conversion
	Methods for catalyst investigation
	Research questions and aims
	References

	Chapter 2
	Summary
	Statement of authorship
	Abstract
	Introduction
	Experimental methods
	Results and discussion
	Conclusions
	Acknowledgements
	References
	Supporting information

	Chapter 3
	Summary
	Statement of authorship
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References
	Supporting Information

	Chapter 4
	Summary
	Statement of authorship
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References
	Supporting information

	Chapter 5
	Summary
	Statement of authorship
	Abstract
	Introduction
	Results and discussion
	Conclusions
	Acknowledgements
	References
	Supporting information

	Chapter 6
	MOF-templating in H2
	MOF-templated catalysts for gas phase reactions
	MOF-templating mechanism
	Future directions
	References

	Appendix 1
	Appendix 2
	Appendix 3

	Click for updates and to verify authenticity: 


