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Abstract

The application of porous materials into industrial hydrogen (Hz) storage systems is based on
their use in combination with high-pressure cylinders. The processing of metal-organic
frameworks (MOF) powders into shaped forms is therefore imperative in order to counteract
the adverse effects of poor packing of powders in cylinders. The fabrication of shaped MOFs
has, however, been shown to be accompanied by compromised properties such as surface areas,
gravimetric and volumetric H> capacities, and also the working/deliverable H> capacities in
comparison to MOF powders. The aim of the study was to fabricate MOF-based materials
using pelletization and electrospun MOF/polymer nanofibers in order to impart improved
shape-functionality, volumetric H. capacities, and H> working/deliverable capacities towards
possibly reaching the US DOE system targets (H> working gravimetric capacity of 4.5 wt%

and Hz working volumetric capacity of 30 g-L™Y).

The study reports on the use of high-pressure pelletization of the MOFs, MIL-101(Cr) and
UiO-66, at an unprecedented applied pressure of ~700 MPa (100 000 psi) achieving greatly
improved total volumetric hydrogen capacities by at least 150% in comparison to their
powdered counterparts, but additionally, without compromising the total gravimetric H»
capacity obtained in the powdered UiO-66 form, which is rare for MOFs. The pelletized MIL-
101(Cr) showed a remarkable improvement in volumetric H» capacity of about 300% in
comparison to powdered MIL-101(Cr). The MIL-101(Cr) also showed reasonable mechanical
stability upon pelletization at 700 MPa, which has not been shown previously. The UiO-66
prepared in this study retained at least 90% of the original surface area and microporosity after
pelletization at ~700 MPa, and the pelletized UiO-66 achieved a total gravimetric Hz capacity
between 4.2 and 5.1 wt% at 100 bar and 77 K in comparison to 4.6 and 5.0 wt% for the UiO-
66 powder. The dynamic temperature-dependent behaviour of UiO-66 was experimentally
demonstrated for the first time, and shown to be governed by a post-synthesis dehydroxylation
process between 150 to 320 °C. The hydroxylated UiO-66 forms showed the greatest
mechanical strength as it only exhibited a 9% reduction in gravimetric Hz capacity whilst the
pelletization of dehydroxylated UiO-66 forms resulted in reductions about 66% of their
dehydroxylated UiO-66 powder counterparts. The pelletization of partially dehydroxylated
UiO-66 powder samples, thermally treated at 200 and 290 °C, exhibited powder X-ray
diffraction patterns indicative of an amorphous material, with low porosity (surface area

reduced from between 700 and 1300 m#g to ca. 200 m>g™, and pore volume from between
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0.4 and 0.6 cm*g? to 0.1 and 0.15 cm®g™). The gravimetric H. capacities of pelletized
dehydroxylated UiO-66 forms were between 0.7 - 0.9 wt% at 77 K and 100 bar, showing
reductions of about 66% in comparison to their dehydroxylated UiO-66 powder counterparts.
The observed activation temperature-induced dynamic behaviour of UiO-66 was unusual for
MOFs and previously only been reported in computational studies. The results in this study
showed that after pelletization at ~700 MPa, the structural properties and H> capacities for
hydroxylated UiO-66 remained relatively unchanged, but were extremely compromised upon
pelletization of dehydroxylated UiO-66 forms.

The fabrication of MOFs to improve their thermal conductivities and possibly attain
gravimetric and volumetric Hz working/deliverable capacities of about 4.5 wt% and 30 g'L*
respectively, was proposed through the incorporation of graphene foam (GF) into UiO-66
powder, and through the co-pelletization of electrospun polymer-based binders with
hydroxylated UiO-66 powder at ~700 MPa. The thermal conductivities of UiO-66 powder,
GF/Ui0-66 composite, and UiO-66 pellet were 0.077, 0.071, and 0.15 W-mK? respectively,
with the incorporation of GF showing no improvements to the thermal conductivity of UiO-66
powder possibly owing to the extensive macropores present in the GF structure. The porosity
of the materials was surprisingly found to have a more significant effect on the thermal
conductivity than the chemical composition of the material. The UiO-66 pellet showed the
highest thermal conductivity due to reduction in void volumes and possibly reduced grain sizes
after pelletization at ~700 MPa. The UiO-66 pellets containing the polymer of intrinsic
microporosity, PIM-1, nanofiber binders retained at least 86% of the porosity obtained in
pristine UiO-66 pellets with a BET surface area of 1113 m?g™* compared to 1300 m?g* and
total pore volume of 0.59 cm*g™ to 0.60 cm*g™ in comparison to pristine UiO-66 pellet. This
translated to respective total gravimetric H> capacities of 3.9 wt% compared to 4.2 wt% at 77
K and 100 bar, but crucially, the gravimetric H2 working/deliverable capacity was 2.3 wt% in
the pelletized UiO-66/PIM-1 composite compared to 1.9 wt% obtained in the pristine UiO-66
pellet. The improved H> working/deliverable capacity could be attributed to the introduction
of mesopores only observable on the co-pelletized UiO-66/nanofiber composites and not on
electrospun PIM-1 nor MOF/PAN (PAN = polyacrylonitrile) nanofibers prior to their co-
pelletization. The observed mesopores could indicate a new method of co-pelletization of
electrospun nanofiber and MOF alternating layers to possibly introduce hierarchical porosity
into an initially highly microporous MOF such as UiO-66.
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Chapter 1

1. Introduction

This chapter firstly outlines aspects of hydrogen (H:) storage that have been proposed in
addressing the industrial implications for a sustainable H> economy. The chapter then gives a
detailed description of the knowledge gap the study was aiming to address as it pertains to H»
storage in solid-state porous materials, and the scope, motivation, delimitations and objectives
of the study. Finally, the chapter gives an overview of the specific methods used to achieve the

set objectives and also how the thesis chapters are structured.

1.1. Background

1.1.1. Renewable energy solutions and the environmental and socio-economic
Impact of climate change.

The global consumption of power is directly linked to the utilization of no less than 80% fossil
fuels in energy production plants. The growing demand for energy supply together with an
exponentially growing human population, the overdependence on fossil fuels raises major
concerns for future energy demands. Even though the use of fossil fuels has been diversified
to include a mixture of natural gas, crude oil, and coal as the major fuels, there exists
environmental issues that are directly linked to fossil fuel-based power production, i.e. climate
change and/or global warming. Climate change and/or global warming has had devastating
environmental effects such as the increase in global temperatures, increasing ocean water
levels, the spread of disease can be shown to be primarily linked to increasing atmospheric CO>
levels, especially through industrial activity [3]. In order to ensure a sustainable future and
reduce the environmental effects imparted by climate change and/or global warming, it is
necessary to minimize the uses of fossil fuels in power production by developing alternative
processes that are clean, able to meet global energy demands, and economically sustainable.
This study proposes the concept of a H> economy where Hy is proposed as an energy carrier in

power generation, with particular interest in the use of H> fuel in mobile applications.
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Figure 1.1: Recorded values showing the global consumption of the three major fossil fuels

(natural gas, oil, and coal) per terawatt-hour from the 1800’s to 2017 [1].

The Hz energy economy is a concept aimed towards the development of energy supply systems
based on the use of H» as an energy carrier. The energy density that can be harnessed from the
complete combustion of H» far exceeds that of conventional fossil fuel-based fuels such as coal,
natural gas, gasoline, and petroleum fuels [4]. The main aspect in a potential Ho-based economy
lies on the production of H, from an abundant array of clean and renewable resources. A few
examples can be made mention such as the electrolytic splitting of water producing H2 and
oxygen (O2), but more importantly by harnessing solar energy through the use solar powered
fuel cells in order to compensate for the large energy input required in the electrolysis process
[5]. Not only does the electrolysis process produce high purity Ho, but also the use of solar
power could possibly minimize the overdependence on fossil-fuel based H production that
produce large amounts of CO; that have been largely emitted into the atmosphere, such as
steam/methane reform processes. Another alternative for producing H. through renewable
resources includes the use of hydrocarbon-based biomass, e.g. gasification of cellulose or other
naturally occurring crops, through a ‘carbon-neutral’ process. The term ‘carbon-neutral’
generally refers to a process whereby the CO2 produced in one process, such as steam reform,
can be balanced out through its use in another process so as to achieve a net zero carbon
emission [6]. Production of biofuels from natural crops or waste carbonaceous products is one
such carbon-neutral process as the CO: is emitted during burning of the biomass followed by
its use in Fischer-Tropsch processes to produce hydrocarbons [7,8]. Furthermore, the use of H»

fuel is a clean alternative as the major by-product in a fuel cell is water vapour.
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There are currently challenges associated with the use of Hz fuel in mobile applications, in
particular automobiles. The density of H2 gas under standard temperature and pressure (STP)
conditions is about 0.090 kg'm=, which means for a H-fuelled automobile to complete a 500
km journey, an estimated amount of about 5 — 13 kg of H2 may be required before refilling, but
the equivalent Hz volume at STP is about 56 — 144 m® [9,10]. This means that at STP, the H;
storage tank would possibly have a larger volume compared to the automobile. It is therefore
imperative that the development of H» storage systems should have practical solutions
applicable to automobile applications. The United States Department of Energy (US DOE) has
compiled a set of H storage system standards that state an operating temperature ranging from
-40 °C to 60 °C, and pressure up to 100 atm (Parilla et al., 2016; "US DOE targets" Cited from
www.energy.gov, 2019). The US DOE targets therefore allow for the compression of H2 gas

at supercritical pressures and below ambient temperatures (298 K).

1.1.2. Material-based and conventional hydrogen storage methods

The current Ha storage systems such as the use of liquid H2 and H> stored in pressurized steel
cylinders are not conducive for mobile applications. The use of liquid H2 is an energy intensive
process that involves cooling of Hz down to its boiling point of 20.3 K and requirements
associated with maintaining a constant temperature to keep the Hy in its liquid form [13]. The
use of pressurized Hz gas in steel cylinders provides major setbacks in the size and weight of
the storage system. Since the density of H2 gas is 0.0076748 gmL™ [14], its pressurization in
a cylinder typically requires the use of pressures in excess of 700 bar (70 MPa) in order to
achieve the gravimetric and volumetric H. density/capacity targets set out by the US DOE
under the specified temperature range. There are also major safety concerns associated with
the use of pressures as high as 700 bar for on-board vehicle applications. For on-board
hydrogen storage for light-duty fuel cell vehicles, the current system targets for the deliverable
gravimetric H2 capacity and volumetric H2 capacity are 4.5 wt% and 30 gL, respectively,
with the ultimate targets being 6.5 wt% and 50 g'L?, respectively. The system targets refer to
the amount of H> gas deliverable to the fuel cell system in relation to the complete system,
which would include the storage tank/cylinder, valves, regulators, piping, mounting brackets,
insulation, and cooling system, and as such the storage material alone would have to show
gravimetric and volumetric H> capacities that far exceed the aforementioned targets. The
deliverable gravimetric H2 capacity relates to the weight (in kilograms) of H» that can be
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delivered to the fuel cell system divided by the total weight of the storage system components
including stored H». The volumetric H. capacity refers to the weight of Hz (in kilograms)
deliverable to the fuel cell system divided by the volume of the system components including
the volume of stored H2[9,11,2,15]. The gravimetric and volumetric H> capacities referred to
in this study were based on the weight of H stored in the material divided by the weight of the
material without H,. An additional system requirement, amongst others, is a Ha refilling time
of 3 — 5 minutes and this requires that the proposed storage material of choice should exhibit
fast Kinetics in the uptake and release of Ho.

Studies conducted on solid-state material-based H> storage in combination with high-pressure
cylinders have provided compelling evidence in potentially reducing the pressure requirements
for on-board H storage systems below 200 bar (20 MPa) using porous materials [16], and
metal hydrides [17]. Metal hydrides are compounds consisting of single or multiple metal
cations (M*) and hydride (H°) anions. The general concept of Hz storage in metal hydrides is
the pressure-induced absorption of H™ anions onto the metal cation centres to form stable metal
hydrides, which is followed by the subsequent desorption of molecular H> via a chemical
reaction such as disproportionation of the metal hydride complex, typically observed in
complex hydrides [18]. Complex metal hydrides usually consist of more than
one metal/metalloid, with the anion containing the hydride [19]. Other forms of metal hydride
are known as intermediate hydrides which can exist in alloy-type forms [20]. Some metal
hydrides have been shown to exhibit low-temperature Ho desorption at temperatures ranging
from -20 °C to about 120 °C with theoretical gravimetric and volumetric capacities, for these
particular metal hydrides, ranging from 1 to 6 wt% and 40 to 100 gL, respectively. It is
important to note that the metal hydride types associated with volumetric Hz capacities of about
100 g'L* also typically show low gravimetric H capacities (ca. 1 wt%). The metal hydrides
with gravimetric Hx capacities in excess of 6 wt% tend to have desorption temperatures higher
than 100 °C and as a result there is an energy penalty associated with H. release at high
temperatures, and has shown limits to their use in a potential Hz storage system [21].

Porous materials, on the other hand, are characterized by internal structures consisting of
permanent pores which can be accessible to foreign or guest molecules that satisfy the
dimensions of the pores. Some of the extensively studied porous materials for H, storage
applications include, but not limited to, zeolites, activated carbons, zeolite-templated carbons

(ZTCs), porous polymers, and metal-organic frameworks (MOFs) [22,23]. These materials can
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be tailored to achieve surface areas in excess of 500 m?g™! with one of the highest
experimentally measured surface area of 7000 m?g™ obtained in two MOFs, NU-100 and NU-
110 (NU = Northwestern University) [24]. In porous materials, H2 storage is achieved via the
spontaneous physical adsorption (physisorption) of H> molecules onto energetically favourable
sites, typically within the pores and surface, of the material. The conditions that provide the
driving force for H, adsorption onto porous media are typically the applied pressure, heat of
adsorption and temperature. The release or desorption of H, occurs by lowering the applied
pressure, under the same conditions of temperature, since no chemical interactions are
prevalent between the H> molecules and the surface of the porous medium [25,26]. This enables
the uptake and release of H2 molecules to occur with little to negligible energy inputs, meaning
that the kinetics associated with physisorption-based H> storage are typically faster compared
to other mechanisms such as absorption [27]. In physisorption, however, it is generally found
that the highest H» adsorption capacities are obtained under cryogenic conditions (77 K), with
H> adsorption capacities obtained at ambient temperature (298 K) very considerably lower
relative to the capacities at cryogenic conditions. Since there are no chemical interactions, weak
forces (such as van der Waals forces) govern the interactions between the surface of the
material and the H> molecules as well as between H. molecules, and also due to the reduced
mobility of the gas molecules at low temperature, these interactions become enhanced as the

temperature is lowered [13].

1.1.3. Thermal management in physisorption-based H> storage

The material properties envisaged for material-based H> storage system are not only limited to
the gravimetric and volumetric H> capacities achievable in a material, but also good thermal
conductivity and mechanical stability of the material are key requirements in the preparation
of highly efficient storage systems. The issue of heat management in physisorption-based H>
storage can be addressed by considering two aspects, one at the material level of adsorbent-
adsorbate interactions and the second at a system level which takes into account the physical
properties of Hz and its desorption/release from the storage device/tank. At the material level,
the heat of adsorption (AHad) Of H> is @ measure of the interaction strength between the H>
molecules and the adsorbent (in this case porous solids, MOFs and carbons) and generally
determines the temperature and pressure conditions whereby adsorption would occur
spontaneously [10,28]. In porous materials, it is typically found that AHaq is highest at low

adsorption pressures where the interaction is mainly between the H> molecules and the porous
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surface, instead of H>-H: interactions. However, the weak van der Waals interactions involved
in the adsorption of H2 typically mean that AHag generally does not exceed about 4-7 kJ'mol™
for most experimental values reported in MOFs [10,29]. Higher AHaq values are desired to
improve the strength of Hz adsorption onto MOFs, but as the AHag increases, so does the
amount of heat generated during H adsorption. In such cases, where it would be possible to
attain AHag values much greater than 4-7 kJ'mol™, it would become imperative that the thermal
conductivity of MOFs, MOF monoliths, or MOF composites become improved for efficient
dissipation of heat generated during adsorption. On the system-level H» storage applications
where H storage devices are expected to operate under high-pressure conditions, the issue of
the physical properties of H> must be taken into consideration. For example, the critical
pressure of Hy is about 13 bar, meaning that at higher pressures H> becomes a supercritical
fluid (SCF) where the Hz gas and liquid phases become indistinguishable, thereby giving the
SCF ‘gas-like’ and ‘liquid-like’ properties [14]. In this study the analysis of H> adsorption and
desorption isotherms was investigated up to a pressure of 100 bar for measurements at 77 and
298 K, i.e. under supercritical conditions. In the general design of gas adsorption systems for
CO2, CH4, and Hy, there are two common methods, namely, pressure-swing adsorption and
temperature-swing adsorption [15,30-36]. Pressure-swing adsorption involves the uptake of
gas from low to high pressure and its release from high to low pressure, under isothermal
conditions. In the case of mobile H> storage applications, as set out by the US DOE, the
minimum delivery pressure is set at 5 bar and a maximum storage pressure of 100 bar is
generally reported in most high-pressure H» storage studies [37], although some studies have
reported at 20 — 35 bar [38,39]. Hz is in a gaseous phase at 5 bar and becomes a SCF phase at
20, 35, and 100 bar, meaning that for pressure-swing adsorption systems the release/desorption
of Hz occurs in the gaseous phase. Even though the desorption of H, down to 5 bar would
involve a transition from SCF to gas phase, there would be minimal/negligible changes (if any)
to the temperature of the gas since the temperature change is zero under isothermal conditions.
This means the requirement for high thermally conductive adsorbent materials would not be a
necessity given low to moderate AHag as is typical of most MOFs. Temperature-swing
adsorption, however, involves the adsorption of H, at low temperature (e.g. 77 K) followed by
desorption at a higher temperature (e.g. 298 K) under isobaric conditions. Temperature-swing
adsorption provides an advantage for H. to be possibly stored (adsorbed) at cryogenic
temperature and released (desorption) at a higher temperature at a considerably high
working/deliverable capacity. This is because in physisorption, the amount of adsorbed H>

increases with decreasing temperature, for example it is generally found that the gravimetric
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H> capacity at 298 K typically is 1% to that obtained at 77 K at the same pressure [10,40]. The
disadvantage is the existence of a physical phenomenon, known as ‘pseudo boiling’ that occurs
under supercritical and isobaric conditions [41]. The study reported by Oschwald and Schik
[42] showed that the drastic decrease in the density of a SCF as a function of temperature (under
isobaric conditions above the critical pressure) may be accompanied by a significant increase
(spike) in the specific heat capacity of the fluid. Although the spike in specific heat capacity
exists only within a finite temperature range, it can be significant enough to raise the
temperature of the fluid. In H> storage there could be significant implications during desorption
of Hz in temperature swing adsorption systems and thus could require improvement of the
thermal conductivity of MOFs, MOF monoliths, or MOF composites that are candidate for H»

storage system applications.

The proposed/candidate materials should exhibit efficient heat dissipation to counteract the
heat generated during uptake of Hz gas at high pressure [43,44]. It has also been shown that the
use of solid-state storage materials-in their powder form tends to show reduced performance
with repeated cycles of H, uptake and release, owing to sintering effects upon repeated H>
cycles on the powder particles, which is especially true for metal/complex hydrides. The
sintering may be caused by repeated exposure of the powder particles to high pressure and heat
fluxes and hence result in the agglomeration of powder particles introducing void spaces within
the storage system. In order to counteract such effects, the performance of solid-state materials
for H2 storage may be used in compacted forms instead of pristine powders. The compaction
ensures that the effects of sintering are minimized or negligible since the mobility of the solid
particles become restricted in their compacted forms [21,45]. Some of the more successful
strategies used for compaction of powdered H» storage materials include granulation,

pelletization, or by embedding powders into a polymer matrix [34,46,47].

1.1.4. Development of immobilized and monolithic MOF structures for Hx
storage applications

Knowing that hydrogen storage materials are typically synthesized in powder form, which can
contaminate the storage system pipelines, compaction of the powdered materials for improved
handling is necessary. In addition to its use for improving material handling, compaction of
powdered storage materials and particularly pelletization, may also be used to improve their

inherently low bulk/packing densities through densification [38,48,49]. The density of porous
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materials is a key property for Hz storage applications as it relates to the volumetric H capacity,
with low density materials typically showing volumetric Hz densities below the US DOE target
of 30 gL [2,36,37]. Since solid-state porous materials also exist as crystalline (e.g. MOFs),
semi-crystalline (e.g. porous polymers), and amorphous forms (e.g. activated carbons and
ZTCs), itwould be more practical to measure their densities and hence volumetric H capacities
of their bulk or powder forms. In MOFs, the consideration of crystal density alone may not be
applicable for comparisons of volumetric H» capacities of MOFs to that of semi-crystalline
polymers and amorphous carbons. Indeed the crystal density of MOFs has been shown to
influence their volumetric H. capacity but it would also be practically challenging packing
single crystals into high-pressure cylinders compared to the packing of their polycrystalline
powder forms. The studies of Balderas-Xicohtencatl and co-workers [50] report on the
applicability of using packing densities for the determination of volumetric Hz capacities in a
wide range of powdered porous materials such as MOFs and activated carbons. In the latter
studies, a predictive mathematical model that yielded theoretical volumetric Ha capacities
comparable to experimentally measured values-and also taking into account some compacted
forms of the materials, was developed. The model shows a strong correlation of the volumetric
H> capacity to the packing density of the material. However, the problem associated with
compaction strategies is that the compacted/shaped forms tend to show compromised
gravimetric H> capacities compared to their powder counterparts [34,51,52]. In this study the
focus was based on addressing the issues associated with shaping porous materials and how
these could be minimized in order to achieve favourable properties for Hz storage applications
in shaped solid-state porous materials. This study was carried out under the Royal Society (RS)-
Department of International Development (DFID) Africa Capacity Building Initiative, and the
Department of Science and Innovation (DSI) Hydrogen South Africa (HySA) Infrastructure
Key Program 4.

1.2. Problem statement

1.2.1. Challenges in fabrication of immobilized and monolithic MOF structures

Many fabrication approaches, such as pelletization, electrospinning, granulation, and sol-gel
methods, have proven successful in obtaining shaped forms of MOFs, carbons and polymer
materials [53,54]. In addition, the compositing of different types of carbons with MOFs has
been reported to show improved thermal conductivities of the MOF/carbon composite
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compared to the pristine MOF material [55,56]. The incorporation of MOFs and ZTCs into
polymer nanofibers, via electrospinning, has also been shown to improve their handling
compared to MOF and ZTC powders [57]. An almost inevitable challenge, however, which has
been reported in many studies is that the composite and/or shaped forms of the porous materials
tend to show compromised textural properties, such as surface areas and pore volumes,
compared to their powder counterparts. The fact that H, adsorption onto porous materials
occurs via physisorption means that any compromise or reduction to the binding sites (pores
and adsorbent surface) would inevitably lead to a compromise of the H» storage capacities of
the material [58,59]. Due to the US DOE current and ultimate system targets being set at 4.5
and 6.5 wt% gravimetric H capacity, respectively, and 30 and 65 g'L ™ volumetric H. capacity,
respectively, the compromised performance of shaped and/or composited porous materials is
unfavourable to possibly meet the aforementioned industrial requirements for on-board
storage. This is because at the material level, without considering the remaining components
of the system i.e. the balance of plant (BOP), both the gravimetric and volumetric H» capacities
should exceed the system targets. In order to maintain high-performance of candidate porous
materials for H. storage, there is a need for the fabrication of porous materials to attain

properties that would not show reductions in their Hz capacities.

1.2.2. Recent advances in immobilized and monolithic MOF structures

There has, however, been significant development of MOF monoliths, which are shaped MOFs
macrostructures such as granules, gels, and pellets. The properties of such monolithic forms
may be tailored differently to the pristine MOF powders, for example, the study by Connolly
et. al. [60] showed that the Zr-MOF, UiO-66, could form monolithic gels which could be
tailored to consist of an increased degree of mesopores and macropores by adjusting the
synthesis or process parameters of gelation. The creation of mesopres and macropores was
shown not to change the permanent porosity of the UiO-66 unit cell, but the additional porosity
was extrinsic, only observed in the monolithic gel structure. The study showed that for CO-
and CHjs storage, the UiO-66 gels could attain volumetric working capacities 11% greater in
comparison to the volumetric working capacity of pristine UiO-66 powder. Other forms of
MOF monoliths such as MIL-101(Cr) hexagonal pellets reported by Ardelean et al. [61]
showed an improvement in volumetric Hz capacity with increased envelope density of the MIL-
101(Cr) pellets. This area of monolithic MOF structures has been shown to enable the
fabrication of MOFs with application-specific properties for H> system applications
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[53,54,62,63], which is being also addressed in the current study by pelletization of UiO-66
and MIL-101(Cr) at ~700 MPa, a sufficiently higher applied pressure than reported in other
experimental studies [51,62,64,65]. This study focuses on the fabrication of solid-state porous
materials, specifically MOFs-based materials using shaping techniques that can possibly tailor

properties suitable for on-board H> storage applications.

1.3. Motivation and research questions

The ease of availability and proven track record of shaping techniques such as electrospinning
and pelletization make it possible to carry out research based on the improvement of the shape-
functionality of powdered porous materials in Hz storage applications. The intrinsic properties
of candidate porous materials such as MOFs have also been predicted through computational
studies which may eliminate the need for numerous screening experiments from being carried
out in laboratories [66-69]. The combination of the availability of robust shaping techniques
and pre-existing theoretical knowledge of the behaviour of porous materials (specifically
MOFs) can allow for an application-specific experimental study to be carried out. Indeed in
this study, two of the porous materials of choice were zirconium- and chromium-based MOFs,
UiO-66 and MIL-101(Cr). The UiO-66 MOF has heen reported to have a high mechanical
strength with a theoretical minimum shear modulus of 13.7 GPa [70]. Due to the high porosity
of MOFs, they are typically found to be susceptible to applied pressure and as such their
densities, through pelletization, are usually improved with significant negative effects on their
structures and textural properties [71]. A mechanically robust MOF, such as UiO-66, could
possibly be pelletized at high pressure with the possibility of achieving densities > 1 gmL™
and possibly maintain its structure. It is also noteworthy that the importance of post-synthesis
thermal treatment temperature i.e. activation as it pertains to UiO-66 material properties has
not always been given any consideration. Experimental investigations on the high-pressure
pelletiztion of dehydroxylated UiO-66, especially as it pertains to Hz storage applications, have
not been documented in literature. This study attempted to show the first experimental proof
for the pelletization of dehydroxylated forms of UiO-66, and potentially replicate the
computational results reported by Chandival et al. [72] and Rogge et al. [73]. Their studies
described the effect of the dehydroxylation of UiO-66 to possibly result in the compromise of
its mechanical stability which highlight the shear modulus to be more compromised compared
to the bulk modulus of UiO-66. The MIL-101(Cr) MOF has been shown to have surface areas
in excess of 3000 m?g* and also a MIL-101@UiO-66 composite was successfully prepared by
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Ren et al. [74] and found to have improved surface area, pore volume, and gravimetric H»
capacity compared to the individual MOFs, UiO-66 and MIL-101(Cr). Another factor
important for H, storage is the thermal conductivity of the material since the high-pressure
adsorption of gases is an exothermic process and therefore generates heat onto the adsorbent
material. Graphene is a material with one of the highest measured thermal conductivities
ranging from 3000 to 5000 W-mK™ and has further been shown to have H, adsorption
properties [75-77]. In this study the use of graphene foam (GF) in combination with UiO-66
was proposed as the high thermal conductivity carbon source. Finally the incorporation of UiO-
66 and MIL-101(Cr) into electrospun nanofibers from polymers with excellent electrical
conductivities such as polyacrylonitrile (PAN), polymethylmethacrylate (PMMA), polystyrene
(PS), and the polymer of intrinsic microporosity, PIM-1, was proposed. The electrical
conductivity of the polymer is its key property in the electrospinning process. The ability of
the polymer to form a ‘Taylor cone’ under an applied voltage, during the electrospinning
process, is largely determined by the polymer’s electrical conductivity (discussed in detail in
Chater 2). The PAN, PMMA and PS polymers have been shown to be electrospinnable with
powder materials such as MOFs, and their resultant MOF/polymer composites have been tested
for H, storage [78-81].

The study, therefore, aimed to provide research answers to the following questions:

e Does pelletization of UiO-66 compromise its structure and textural properties?

e Does the mechanical strength of UiO-66 become compromised upon dehydroxylation
of UiO-66 at ~300 °C?

e Can pelletization of UiO-66 improve its volumetric H> storage capacity without a
significant reduction in its gravimetric Hz storage capacity?

e Does the electrospinning of PAN-based and/or PIM-1 nanofibers with MOFs improve
the H> capacity of the composite compared to the MOF powder?

e Does the incorporation of GF into UiO-66 show improved thermal conductivity
compared to pristine UiO-66?
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1.4. Aim and Objectives

The study aimed to fabricate a MOF-based material that could possibly attain tailored
properties suitable for H> storage applications using predetermined synthesis and shaping
techniques. Using the US DOE system targets for H» storage, the performance of the envisaged
MOF-based material was set at possibly achieving gravimetric and volumetric H capacities in
excess of 4.5 wt% and 30 g'L* respectively.

The specific objectives of the study were as follows:

e To fabricate UiO-66 by pelletization at a possibly unprecedented applied pressure (>
500 MPa), which is much higher than previously reported for UiO-66, at which the
UiO-66 crystals could be densified to achieve packing densities in excess of 1.0 gmL"
L without significant compromise to their intrinsic textural properties (surface area and
pore volume).

e To improve the volumetric Hz capacity of UiO-66 using the pelletization method.

e To investigate the effect of high-pressure compaction on fully hydroxylated UiO-66 as
well as partially dehydroxylated and fully dehydroxylated UiO-66 particularly as it
relates to H. storage applications.

e To fabricate MIL-101 (Cr) by pelletization and elucidate the effects of compaction as
it relates to its textural properties and hydrogen storage capacity

e To evaluate the gravimetric and volumetric hydrogen storage capacities of the
fabricated UiO-66 and MIL-101 materials

e To fabricate core-shell MOF/polymer nanofiber composites using the coaxial
electrospinning technique and possibly improve the MOF loading onto the nanofibers
via selective removal of the polymeric material in the core region of the nanofiber
composite.

e To compare the Hz uptake of MOF/polymer nanofibers to that of the porous polymer
PIM-1 nanofibers and select the best performing nanofibers to be used as possible
polymer-based binders in the pelletization of UiO-66.

e To prepare GF using the chemical vapour deposition (CVVD) method employing nickel
foam (NF) as a template.

e To determine the degree of improvement of the thermal conductivity of a selected MOF
(UiO-66 or MIL-101 (Cr)) through the addition of 10 wt% GF.
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e To prepare a shaped MOF-based composite material with possibly improved
gravimetric H» capacity, volumetric H, capacity, and thermal conductivity, compared

to the pristine powder.

1.5. Hypotheses

e Theoretical studies have previously shown that UiO-66 has a minimum shear modulus
of about 13.7 GPa, which is amongst the highest in MOFs (Wu, Yildirim and Zhou,
2013). This study hypothesized that the pelletization of UiO-66 powder at ~700 MPa
(~100 000 psi) does not compromise the surface area and pore volume, and hence the
gravimetric Ho storage capacity and volumetric H. storage capacity.

e MOFs have been successfully incorporated into polymer nanofibers and also shown to
be fully accessible to H> within the nanofibers [47,59,83]. This study further
hypothesized that the preparation of core-shell MOF@ nanofiber composite could
facilitate the improvement of the percentage MOF loading within the nanofiber via the
selective removal of the core polymer. This could improve the Hz adsorption of the

MOF/polymer nanofiber composite.

1.6. Research Approach

The study was primarily conducted at the HySA Infrastructure laboratories within the Council
for Scientific and Industrial Research (CSIR), Pretoria campus. Since the study was funded by
the RS-DFID grant, it was also a requirement that part of the research be carried out in
conjunction with the University of Nottingham in a series of student research visits to
Nottingham.

The following sections give an overview of the experimental research approaches employed
during the study as it pertained to the selected fabrication techniques, pelletization and

electrospinning.

1.6.1. Synthesis of UiO-66 and MIL-101(Cr) under solvothermal conditions

The aims and objectives of this study were based on the use of predetermined MOFs, namely
UiO-66 and MIL-101(Cr). These are well-defined MOFs that have been fully characterised

according to their single crystal structures [84,85]. There have been various reported synthesis
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approaches employed in their preparation, including solvent-free synthesis [86], using waste
polyethylene terephthalate (PET) as a precursor [87-89], and the most common solvothermal
synthesis method [90-94]. The successes of the solvent-free and PET-based synthesis methods
have been well-documented, however, their use is mainly focused in studies concerning
unconventional methods and approaches towards green synthesis chemistry of MOFs. The aim
to achieve high-performance MOFs for H, storage applications has been mainly achieved
through the use of solvothermal synthesis. The conditions in solvothermal synthesis have been
shown to influence the achievable properties of the MOF such that the properties can be tailored
according to the synthesis conditions employed [93,95-97]. For example in acid-modulated
solvothermal synthesis of UiO-66, it was shown that the acid strength, molar equivalents of the
acid relative to the Zr precursor, and the type of solvent, promoted the formation of UiO-66
crystals with surface areas ranging from 500 to ~1500 m#g [98]. These observations were
also shown in studies of MIL-101(Cr) whereby an increase in the molar equivalents of a
monocarboxylic acid were found to improve the surface area by at least 15% (Ren et al., 2014).
This study, therefore, adopted the synthesis procedures previously reported by Ren et al. (Ren
et al., 2014) who demonstrated a possible optimization procedure for the synthesis of UiO-66
and MIL-101(Cr) using formic acid at 100 molar equivalents as a modulator and

dimethylformamide (DMF) as the solvent.

1.6.2. Pelletization of pristine MOFs, UiO-66 and MIL-101(Cr)

In general, it is most common that the packing/bulk and crystal densities of MOF powders are
lower than 1 gmL™, owing to their highly porous structures and high to ultrahigh surface areas
[50,100]. The application of pressure onto MOF powders has also been shown to have negative
effects on their textural properties due to the occurrence of possible pressure-induced structural
changes such as pore widening, amorphisation, and solid-solid phase transitions [71,101-103].
In this study, the first part to the pelletization approach included a screening experiment
whereby the effect of the applied pressure on the structure of the MOF was monitored by
Powder X-ray Diffraction (PXRD) analysis. In nanostructured and polycrystalline materials,
PXRD analysis can be used to determine the bulk properties of the material. The effects of
pressure can be typically monitored through observing possible shifting in the diffraction
patterns as these pressure-related shifts signify the introduction of stress or strain onto the
crystals [104]. Also possible changes to peak intensities of the crystal phases can be monitored.
The diminishing or reduction of relative peak intensities could show changes to individual
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phases of the crystals. The diminishing of the peak intensities of the entire diffraction pattern
generally signifies an onset of amorphisation process and in extreme cases the complete
disappearance of peaks, such that they are indistinguishable from the background noise signal,
signifies complete amorphisation of the material [86,105]. In the second part, the study
investigated the pelletization of UiO-66 under different activation temperatures beginning from
80 to 320 °C, at 30 °C increasing intervals. This was aimed to address an important factor in
the chemistry of UiO-66, which is the effect of pelletization on dehydroxylated UiO-66 forms.
This is because, under solvothermal conditions, UiO-66 is typically synthesized in a
hydroxylated form consisting of ZreO4(OH)4 inorganic nodes/clusters [84,98,106]. The thermal
treatment of the hydroxylated form has been shown to yield a dehydroxylated form around 300
°C, which consists of ZrsOg inorganic nodes. This “dehydroxylation” process has been shown
to occur in simulation and experimental studies [107][108], but the influence of applied
pressure on dehydroxylated UiO-66 has yet to be shown experimentally. This study
investigated the effect of pressure on dehydroxylated UiO-66 by pelletizing hydroxylated and
dehydroxylated forms of UiO-66 at ~700 MPa. The occurrence of the dehydroxylation process
was investigated by thermogravimetric analysis (TGA) coupled to mass spectroscopy (MS)
analysis and PXRD analysis was used to elucidate the effect of pelletization on the crystal

structures of the hydroxylated and dehydroxylated UiO-66 forms.

1.6.3. Preparation of MOF/polymer nanofibers via electrospinning

The preparation of MOF/polymer nanofibers was based on continued work carried out at the
HySA Infrastructure group where it was previously shown that a polyacrylonitrile (PAN)
solution in DMF could be impregnated with MOF powders and successfully electrospun using
a single-nozzle electrospinning setup [57]. The MOF/PAN nanofibers were shown to adsorb
H> but could only achieve H> adsorption capacities no greater than 80% of the H> adsorption
capacities achieved in the pristine MOF powder. The H2 adsorption capacity of MOF/PAN
nanofiber composites was shown to be directly influenced by the amount of MOF loaded onto
the nanofibers, limited to about 20 wt%, and also it was shown that the PAN surface could be
modified to have pores. In this study, the improvement of the MOF loading beyond 20 wt%,
and possibly improvement of the H, adsorption capacities of MOF/PAN nanofibers, was
proposed to be achievable through the use of a coaxial electrospinning setup, instead of the
single-nozzle electrospinning used in the previous studies. This study investigated the
electrospinning of other polymers such as polymethylmethacrylate (PMMA) and polystyrene
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(PS) which shared similar properties to PAN suitable for electrospinning, such as high
electrical conductivity and high solubility in DMF. The PMMA and PS could, therefore, be co-
electrospun with PAN in order to produce core-shell X@PAN (X = PMMA or PS) nanofibers
which could also be impregnated with the selected MOFs, UiO-66 and MIL-101(Cr). The
polymers PAN, PMMA, and PS have different solubilities in acetone and chloroform. The PAN
polymer tends to be virtually insoluble in acetone and chloroform under ambient conditions
(25 °C and 1 bar) but PMMA and PS show rapid solubility in acetone and chloroform
respectively, under the same conditions. This provided a method to possibly remove PMMA
and PS selectively from a MOF/X@PAN nanofiber composite and possibly leave behind intact
MOF/PAN nanofibers with improved MOF loading. For example a MOF/X@PAN composite
consisting of 20 wt% MOF in X and 20 wt% in PAN could result in a 40 wt% MOF/PAN
composite after removal of the core polymer, possibly improving the H. adsorption of the
MOF/PAN composite to above 80% of the pristine MOF. An alternative to using PAN-based
nanofibers explored in this study was the electrospinning of a porous polymer PIM-1 which
consists of permanent micropores (2 A < pore size < 20 A) [15,109-112]. PIM-1 nanofibers
have been mostly electrospun and used as precursors to produce porous carbon nanofibers
through pyrolysis [113]. The electrospinning process of PIM-1 also uses a corrosive and toxic

solvent, tetrachloroethane (TCE).

1.6.4. Co-pelletization of UiO-66 with polymeric nanofibers for H» storage
applications

The method of co-pelletization was used to incorporate polymer-based binders into UiO-66 in
order to form alternating layers of UiO-66 and polymer binders. This was a new method for
incorporating polymer binders into MOFs and could potentially impart properties not observed
on the pristine MOF and nanofibers. The UiO-66/nanofiber composites included the co-
pelletization of UiO-66 with 5 wt% PIM-1 and core-shell MOF/X@PAN nanofibers (X =
PMMA or PS) as polymeric binders. Another focal point was the attempt to improve the
thermal conductivity of UiO-66 which was proposed through the incorporation of 10 wt%
graphene foam (GF) as a potential high thermal conductivity carbon source. The surface area,
pore volume, thermal conductivity, and gravimetric H> capacities of the co-pelletized UiO-66
composites were measured and compared to those of pristine UiO-66 powder and pellet forms.
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1.7. Scope and delimitations of the study

The selected MOFs UiO-66 and MIL-101(Cr) were based on continued studies carried out by
the HySA Infrastructure group as these were identified to show good moisture stability,
limiting their storage under inert conditions, and high surface areas of ~2000 m#g? in MIL-
101(Cr) and ~3000 m>g? in a MIL-101@UiO-66 composite. The theoretical robustness of
UiO-66 towards pressure was envisaged as a property that would possibly show resistance to
applied pelletization pressures above 500 MPa and result in packing densities greater than 1
gmL™. Additionally the use of Cr- and Zr-based MOFs also fitted the vision and strategy of
the CSIR at large under the theme of using locally available metals and/or minerals for possible
industrialisation in future. The electrospinning of PAN-based composite nanofibers was also
based on continued work previously conducted by the HySA Infrastructure group. The
optimization of the PAN electrospinning process was shown by Annamalai et al. [57] and the
process parameters used in this study were largely based on the latter work with minor
modifications. The experiments in this study were all done at laboratory-scale with product
yields of as-synthesized UiO-66 not exceeding 5 g per batch and that of MIL-101(Cr) not
exceeding 2 g per batch. The use of a multiple batch system was in part limited by the
availability of a 150 mL high pressure reactor for the synthesis of MOFs. The analytical
techniques available at the HySA Infrastructure labs (including the CSIR campus) and the
University of Nottingham could be used to carry out crystallographic analysis, microstructural
imaging, thermal analysis, and gas adsorption measurements. In particular, Hz adsorption
measurements could be obtained up to 100 bar at cryogenic (-196 °C) and ambient (25 °C)
temperature, using a specialized Intelligent Hiden Isochema gravimetric analyser available at
the University of Nottingham. The measurement of H» capacities at 100 bar was a key aspect
of this study as it could allow for the comparison of the observed gravimetric and volumetric
H> capacities of the selected MOFs to the US DOE targets and other benchmarks for MOFs
investigated globally. It was acknowledged that MOFs also have been reported to show
favourable gas adsorption properties suitable towards their application in carbon dioxide (CO2)
capture and methane (CHs) storage. This study however, exclusively investigated the
fabrication of MOF properties as they would be suited for H, storage and makes no mention of

CO2 and/or CHg storage.
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1.8. Thesis chapter structure

This thesis opens with Chapter one which introduces the topic of the research and gives a brief
description of currently available state-of-the-art used in H> storage. The chapter further
highlights the rationale behind the study and the knowledge gap, motivation, objectives, and
research questions the study aimed to answer. The study design is presented to briefly guide
the reader to the experimental procedures used during the study. Lastly the scope of the study
is presented together with the delimitations that it was carried out under for the given duration.
Chapter two gives a detailed discussion of the previous work done on H> storage using porous
solid-state materials such as ZTCs, MOFs, polymers, and carbons. In the chapter, a detailed
description of the physisorption mechanism is also given to highlight the properties of
adsorbent materials that influence the physical adsorption of gases such as H. The chapter also
discusses the effect of the application of pressure through pelletization of nanostructured and
porous materials as one of the main fabrication strategies in this study. Finally the chapter
covers the electrospinning process as it specifically pertains to the incorporation of MOFs and
the implication of the MOF/polymer nanofiber composites in gas adsorption studies. Chapter
three gives details of the experimental procedures used to prepare materials and analytical
methods used for the characterisation of the properties of the selected materials. Chapter four
presents the first set of results on the pristine MOF materials, with emphasis on the effect of
pelletization on their textural properties (surface area and pore volume) and H adsorption
capacities. Chapter five gives the results of the electrospun MOF/polymer nanofiber
composites, mostly focusing on the imaging of the nanofibers prepared by single-nozzle
electrospinning compared to those prepared by coaxial electrospinning. The imaging was an
integral part of the electrospinning strategy especially to monitor the distribution of MOF
crystals within the nanofibers. The chapter also gives a detailed discussion of the textural
properties and H. adsorption capacities obtained for the different MOF/polymer nanofiber
composites. Chapter six presents the thermal conductivity, textural properties, and H>
adsorption capacity results of pristine UiO-66 in comparison a GF/UiO-66 composite. In
addition, the chapter also reports on a new method involving the co-pelletization of UiO-66
with electrospun PIM-1 and core-shell MOF/X@PAN nanofibers (X = PMMA or PS) to
produce UiO-66/nanofiber composites with alternating UiO-66 to nanofiber layers. The
textural properties and H> adsorption behaviour of the co-pelletized UiO-66/nanofiber
composites were compared to those observed for pristine UiO-66 pellets. Finally Chapter seven

presents the conclusions that can be drawn from the study in comparison to previously reported
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studies and makes recommendations based on the results obtained in this study that should be

addressed in future research.

1.9. Chapter summary

This chapter briefly introduced the envisaged H2 economy as one of the industrially viable
renewable and sustainable alternatives towards the reduction of carbon emissions. The chapter
discussed in detail how the use of solid-state porous materials could be used in conjunction
with high-pressure cylinders to achieve industrial targets for Hx storage in vehicular
applications. The necessity to shape the loose powders of solid-state porous materials was
highlighted as a key aspect in order to tailor properties suitable for application into storage
systems. There are two strategies that were proposed for this study, namely pelletization and
electrospinning, as these have been successfully employed in previous Hz storage studies. The
compromise of the textural properties in pelletized and/or electrospun porous materials was
identified as a knowledge gap and provided a key motivation for the study. The chapter also
highlighted how the volumetric H» capacity could be improved using the pelletization method
through the improvement of the packing density. The chapter closes off with a brief description
of the experimental procedures such as the use of PXRD analysis in establishing the highest
applied pressure that would not compromise the structure of the MOF. The effect of the
activation temperature on UiO-66 crystals was also described to gain information about the
effect of pelletization on hydroxylated and dehydroxylated forms of UiO-66. The scope and
limitations of the study are clearly described and importantly points out that the H2 adsorption
measurements would be conducted up to a pressure of 100 bar, both at -196 °C (77 K) and 25

°C (298 K), conditions that could be comparable to global standard in H2 storage research.
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Chapter 2

2. Literature review
2.1. Background

This study was conducted with the main focus on the shaping of solid-state porous materials
such as metal-organic frameworks (MOFs), porous polymers, and carbons in order to impart
application-specific properties for H, storage applications. This chapter, therefore, gives a
detailed outline of the literature review as it pertains specifically to H> storage onto porous
materials via physisorption and the principles involved in two shaping/fabrication techniques,
namely pelletization and electrospinning, and their applications in shaping of porous materials

envisaged for H» storage.

Both experimental and theoretical research has been undertaken to determine the hydrogen
storage potential of many of these systems [36,114-116], though theoretical research has been
limited due to the difficulty of modelling the dispersion interactions using first principle ab
initio calculations. In some initial studies, as in the case of above mentioned work, experimental
errors such as little amount of sample and/or the use of both non-purified samples and gas has
led to a high dispersion and low reproducibility of storage values in some carbon systems [117].
Today, these issues are less prevalent and a greater understanding exists on the real potential
of these carbon stores. The literature review presented in this thesis aims to provide detailed
information on H storage based on the concept of physisorption in order to support and
substantiate the experimental results as presented in chapters 4 to 6. Due to the use of different
types of materials ranging from polymers, carbons, and porous crystals known as metal-organic
frameworks, the literature review begins with a general introduction of the concepts involved

in gas adsorption onto different solid-state materials, with particular focus in Hz gas adsorption.

The chemistry behind the storage of H2 onto solid-state porous materials is governed by the
mechanism of physical adsorption (physisorption). Molecules have the ability to attach to solid
surfaces via weak interactions such as van der Waals forces, and/or London dispersion forces
[118]. These forces occur via close-range attractions caused by permanent or induced dipole
moments amongst the electron clouds of neutral molecules. The strength of the interactions is

influenced by the electron density of the surface (adsorbent) and adsorbate molecules, meaning
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the greater the electron densities, the stronger the interactions. The problem with H: is that it
is the lightest molecule and contains the fewest amount of electrons amongst all molecules.
Due to the low electron density it is typical that H> would adsorb weaker in comparison to a
gas such as methane (CH4) on a particular adsorbent material as demonstrated in Fig. 2.1. As
a result, the isosteric Hz enthalpy of adsorption on many non-porous surfaces do not exceed 4

kJ'mol, such as evidenced in graphitic carbons [76,117].
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Figure 2.1: Comparison of the adsorption of methane and hydrogen at 107 K [119]. (Image

reused with permission from Elsevier).

The effect of temperature generally plays a key role on the adsorption behaviour of gas
molecules onto a solid surface. Although it has its limitations, the universal gas law provides a
good estimation of the behaviour of gases under the influence of temperature, pressure, and
quantity of gas in a system. For all gases, the gas law predicts the critical temperature-pressure
conditions for which gas molecules may co-exist with their liquid/condensed phase. Beyond a
critical temperature, the coexistence of vapour/liquid phases cannot be satisfied by the
application of pressure alone. In relation to gas physisorption, the interactions of gas molecules
with an adsorbent surface are further enhanced as the temperature is decreased, with the greater
interactions enhanced towards the critical temperature of the gas [20,120]. At the critical
temperature, there exist an opportunity for the adsorption of gas molecules in their liquid form,
further improving the quantity of gas adsorbed and also representing equilibrium conditions
for gas adsorption. The type of porosity in porous solid-state materials has also been shown to
influence the adsorption behaviour of gas molecules. In order to better understand the influence
of pores on gas adsorption, it is important to initially describe the basic components of a solid

surface that promote physisorption of molecules.
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2.1. Concept of physisorption of gases in porous materials

The surface of a solid particle can be made up of four basic regions to which an approaching
adsorbate molecule or “probe” can make contact with the adsorbent surface (Fig. 2.2), namely:
(1) van der Waals surface — represents the atomic scale region that is made up of the van der
Waals spheres of the atoms on the surface; (2) Connolly surface — region just outside the van
der Waals spheres of the of the adsorbent surface but accessible to the adsorbate molecules; (3)
Probe-accessible surface — represents the region accessible to the probe sphere as it moves
along the van der Waals surface; and (4) r-distance surface — represents the region that is
positioned at a radius “r” from the Connolly surface [39]. These regions represent the
fundamental areas of a solid material that govern the mechanism of physisorption. In porous
materials there is additional considerations in that further divisions of the solid surface are
applicable. In addition to the above-mentioned regions, a porous material also consists of an
internal surface and an external surface. In general, the internal surface refers to the surface
within all the pore walls and the external surface refers to the surface outside the pores. Highly
porous materials are typically represented by low external surface areas, however, the
accessibility of the internal surface area is dependent on the shape and size of the adsorbate
molecules, and effectively the determination of the internal surface area and pore volume of

the adsorbent is also dependent on the shape and size of its pores.

Figure 2.2: Schematic representation of a typical porous solid surface [39]. (Image reused with
permission from © IUPAC, De Gruyter, 2015).

Based on the classification of the International Union of Pure and Applied Chemistry (IUPAC)
[39], pores can divided into three basic types: (i) micropores (2 A < pore diameter < 20 A): (ii)
mesopores (20 < pore diameter < 500 A); and (iii) macropores (pore diameter > 500 A). The
type of pores within an adsorbent material can influence the gas adsorption behaviour giving
rise to distinctive adsorption isotherms representative of the type of porosity present in a given
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adsorbent. An adsorption isotherm can be described as the relationship between the amount of
adsorbed gas, under isothermal conditions, and the equilibrium pressure of the gas. There are
different types of adsorption isotherms under the IUPAC classification criteria [118](Groen,
Peffer and Perez-Ramirez, 2003) and these are depicted in Fig. 2.3. The type of isotherm can
reveal information about the pore structure of an adsorbent. The isotherms shown in Fig. 2.3
are a representation for a typical analysis carried out below the critical temperature of the gas,
e.g. 77 K for N2 adsorption/desorption isotherms, since the relative pressure (p/po) is used to
compute the gas pressure. The relative pressure is the ratio of the equilibrium pressure (p) to
the vapour pressure (po) of the gas. At temperatures below the critical temperature there exist
the possibility for liquefaction, and hence pore filling or condensation, the isotherms obtained
under such condition can fully describe the potential gas adsorption behaviour that can be
exhibited by a solid-state porous material. There are six main adsorption/desorption isotherms
defined under the IUPAC classification system. The Type | isotherms are characterized by a
very high adsorption at very low relative pressure followed by a plateau up to p/po = 1. This
type of gas behaviour is typical in highly microporous solids and distinction between Type 1(a)
and Type I(b) isotherms is that the former is mostly observed in microporous solids with pore
sizes less than 10 A, whereas the latter is normally depicted in microporous solids showing
wider micropores or narrow mesopores (pore size =~ 25 A). The height of the plateau generally
represents the monolayer capacity, which defines the amount of adsorbed gas molecules that
covers the entire surface of the adsorbent with a single molecular layer. In Type Il isotherms,
the monolayer coverage (point “B”) is generally small and followed by an increasing
adsorption up to saturation. This is typical in non-porous or macroporous solids with the
gradual increase in adsorption, at increasing p/po, promoted by an overlapping formation of
mono- and multilayers of gas molecules. The Type Il and Type V isotherms share a common
feature in that both show no monolayer coverage, with the adsorption at high p/po resulting
from adsorption onto favourable sites on the adsorbent. The absence of monolayer coverage
shows very weak adsorbate-adsorbent interactions and such behaviour is most common in non-
porous or macroporous solids. The difference of Type V to Type 1l isotherms is the possible
condensation within the pores of the adsorbent which is represented by the presence of the
hysteresis loop. The Type IV isotherms represent a two-step adsorption behaviour due to
adsorbate-adsorbent interactions at low p/po, followed by interactions of the adsorbate with a
condensed phase, leading to the formation of multilayers with increasing p/po. The difference
to Type Il isotherms is that the Type IV isotherms reach a limited adsorbed multilayer at the

saturation pressure (p/po = 1). Type IV isotherms are typical in mesoporous solids and the
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distinction between Type 1V(a) and Type 1V(b) isotherms is the size of the mesopores. Type
IV (a) occurs when the mesopore size is larger than a certain critical pore size (~40 A), leading
to the appearance of the hysteresis loop. Type IV(b) isotherms are fully reversible and typically
occur for mesoporous solids with narrower mesopores. Lastly, Type VI isotherms are
characterized by a clear multi-step adsorption behaviour which signifies layer-by-layer
formation between adsorbed adsorbate molecules. The height of a step is representative of its
capacity and this type of adsorption/desorption behaviour is typical for highly uniform
nonporous solids [39]. Gas adsorption isotherms may not be fully reversible due to the

possibility of hysteresis occurring in the desorption isotherm.

I(a) I(b)

\
Ht
it

Amount adsorbed ——————
——

Relative pressure ——————mm——

Figure 2.3: Schematic representation of the classification of the different types of adsorption

isotherms [39]. (Image reused with permission from © IUPAC, De Gruyter, 2015).

Hysteresis can be described as the gap or delay between the equilibrium desorption and
adsorption pressures due to molecules desorbing at lower pressures compared to adsorption
pressures. Hysteresis is common for meso- and macroporous adsorbents, or adsorbents that

promote multilayer adsorption where capillary condensation within pores is possible. Capillary
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condensation results from strong interactions of molecules in multilayers within opposing pore
walls. The interaction increases with the accumulation of the molecules to a point where the
molecules may assume a lower thermodynamic energy state. This causes the desorption of
these molecules from within the pores requiring larger pressure gradients in comparison to
monolayer molecules, resulting in hysteresis. Hysteresis may also be affected by the
temperature since temperatures above the critical temperature of the gas may not promote
multilayer adsorption of molecules [39,66,94,118,122].

Hysteresis loops can be differentiated using the IUPAC classification system and give valuable
information about the pore structure of an adsorbent. There are five main loop configurations,
namely Type H1, H2, H3, H4 and H5. The near vertical Type H1 loops is normally observed
for adsorbents with a very narrow and uniform mesopore size distribution. Type H2 loops are
a common feature of highly disordered mesopore structures which contain mesopores of
different shapes and sizes. The varying mesopores may form an interconnected network
containing narrow connecting paths between neighbouring pores and to the bulk gas phase,
known as ink-bottle pores. This means that in ink-bottle pores evaporation of molecules into
the bulk gas phase may be delayed by the presence of condensate in a neighbouring pore and
this pore blocking effect results in evaporation to occur at lower pressure giving rise to the
characteristic Type H2 loop configuration. The difference between Type H2(a) and Type H2(b)
is that in the latter, the evaporation originates from ink-bottle pores with much wider widths in
comparison to those that cause Type H2(a) loops. Type H3 loops are similar to Type H2 loops
as they also arise from an interconnected network pore structure, however, in this case the pore
network may contain a large degree of macropores that are not completely filled with
condensate. Type H4 loop is similar to Type H3 but distinguishable with the adsorption
isotherm which shows a combination of Type | and Type Il behaviour. Type H5 loops are very
rare and may be associated with pore structures that exhibit partial pore-blocking effects
together with open pore structures. Since this study focuses on the possible use of porous solid-
state materials in Hz storage applications, it is important to link the aforementioned properties

of porous materials to the adsorption behaviour of H via physisorption [118][39].
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Figure 2.4: Schematic representation of the different types of hysteresis loops [39]. (Image
reused with permission from © IUPAC, De Gruyter, 2015).

2.2. Factors that influence adsorption of H in porous solids
2.2.1. Pore structure of adsorbent material

The surface properties of porous solid-state materials is important for H, storage applications.
Studies [15,100] have shown that the amount of H> adsorbed in porous materials may be
strongly influenced by the BET surface area and the pore structure of the material, which
includes the pore volume, pore size distribution, as well as pore shape, regardless of other
contributing factors such as polarisibility of the H> molecule. The influence of the BET surface
area and micropore volume is reported to be more prevalent under cryogenic conditions such
as at 77 K. In the experimental work conducted by Gogotsi et al. [123], it was shown through
a series of porous carbons that were derived from carbide molecules, that at 77 K, the pores
containing pore widths of 6 — 7 A provided the highest gravimetric Hz capacities per unit
surface area both at standard pressure and elevated pressures. The general conclusion from the
study was that pores larger than ~15 A would contribute little to the gravimetric H, capacity.
The study also highlighted that the effect of pore size was effectively more prominent in

comparison to the effect of surface chemistry on the gravimetric H> capacity of the carbons.
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Since H> storage systems are envisaged to operate at near ambient conditions as possible, the
properties of porous materials at 298 K must be considered. The studies by Beneyto and co-
workers [123] reported that at 298 K, the gravimetric H, capacity was dependent on both the
micropore volume and the micropore size distribution. These findings highlighted the
importance of the pore structure of a candidate adsorbent for Hz storage applications. In moving
towards system integration, it is however noted that highly microporous materials present an
operational challenge. The proposed working pressure conditions for a Hz system currently sits
at working pressure of 5 bar (0.5 MPa), meaning that the working/deliverable H> capacity
should be highest at pressures above 5 bar since H> stored below 5 bar would be inaccessible
for utilization. The strong interaction of H. molecules and pore filling within very narrow pores
(pore size < 7 A) promotes very high H, adsorption at relatively low pressures and lead to Type

| adsorption isotherms at cryogenic temperatures (77 K).

2.2.2. Isosteric heat of adsorption

The isosteric heat of adsorption represents the magnitude of the interaction strength between
H> gas molecules and the surface of the adsorbent material. The isosteric heat of adsorption
can be improved by the nanoconfinement of metal 1ons in porous solids and polymers [44,124],
through the engineering of open/active metal sites and compositing with platinum (Pt) or
palladium (Pd) to promote the dissociation of Hz and adsorption of elemental hydrogen via the
spill-over mechanism [15,16,28,40,97,115].

The type of porous solid materials that have shown great promise for Hz storage applications
through physisorption is a class of organometallic complexes known as metal-organic
frameworks (MOFs). Their structures are highly tuneable, in comparison to other traditional
porous inorganic solids such as zeolites, to attain high to ultra-high surface areas and large pore
volumes that can range from highly microporous, mesoporous, or the creation of hierarchical
porosities [63,125]. A detailed discussion of MOFs with particular focus on their application

in Ha storage is given in section 2.3.
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2.3. Metal organic frameworks (MOFs)

Metal-organic frameworks (MOFs) form a relatively novel class of crystalline supramolecular
porous materials that are typically made up of metal cations or clusters that are coordinated to
organic anionic ligands (linkers) forming a 3-dimensional (3D) network structure with a
permanently porous internal structure [63,125]. The 3D structure of MOFs typically contains
polyhedrons via metal-ligand coordination that may consist of non-covalent interactions such
as hydrogen bonds and n-7 bridging interactions [126]. The development of MOFs can possibly
be tracked back to the late 1950s to early 1960s from the synthesis of supramolecular crystals
made up of metal-ligand coordination complexes. The internal pore structure of these types of
complexes were found to act as ‘hosts’ for foreign or guest molecules that were small enough
to fit into the internal volume and as a result could be used in sensor, separation, and storage
applications [127-130]. There were challenges in the early developments of MOFs as MOF
structures that were devoid of solvent molecules and stable after solvent removal were difficult
to obtain, making them their industrial viability negligible in comparison to other porous solid
such as zeolites. One of the first ‘open” MOF structures to be prepared was reported by Li et
al. [131] who successfully synthesized the zinc carboxylate MOF, MOF-5, that showed high
stability after post-synthesis evacuation, as the internal pore structure was maintained after
removal of solvent molecules from its pores. This breakthrough was key in the potential
industrial application of MOFs in applications suchas catalysis, gas separation and storage and
increased the development of more stable MOFs with different crystal geometries and
porosities. The key factor to the synthesis of a stable, degassed MOF-5 structure was proposed
to be the choice of organic ligand, i.e. dicarboxylate linker, due to the high degree of rigidity
offered by the linker. The properties of MOFs and their potential industrial applications in
catalysis, gas storage, and sensor technologies can, therefore, be influenced by the type of metal

ion and organic linker of choice used during their synthesis [92,132,133].

2.3.1. Synthesis of MOFs

The typical and most common synthesis technique used in the preparation of MOFs is epitaxial
growth of MOF crystals under high pressure solvothermal conditions. This synthesis method
generally involves heating a mixture of the metal ion precursor (typically a metal salt) and
organic ligand dissolved in a solvent and heated in a tightly sealed reactor at temperatures
above the boiling point of the solvent of choice [94,134-137].
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2.3.1.1. Unconventional methods for MOFs synthesis

In recent times, however, solvent-free mechanochemical MOF synthesis methods have been
successfully employed in the synthesis of MOFs such as zirconium-based MOFs, UiO-66 and
UiO-66-NH> [138]. In addition, attempts have been made towards the synthesis of MOFs using
relatively simple and inexpensive synthesis methods. Some of the more documented synthesis
procedures include microwave-assisted methods [139,140], mechanochemical or solvent-free
routes [141], and the use of organic linkers derived from waste materials, such as the
extensively used MOF precursor, terephthalic acid (H.BDC), that can be derived from waste
polyethylene terephthalate (PET) to synthesise zirconium-based MOF (UiO-66) and
chromium-MOFs (MIL-101 and MIL-53) [87-89,142].

2.3.1.2. Types of linkers in MOF synthesis

The organic ligands suited for MOF synthesis are typically organic acids that contain multiple
functional groups. Some of the most commonly used organic linkers include carboxylates,
phosphonates, imidazole, and sulfonates [143]. The carboxylate organic linkers have been
reported to produce MOFs that are stable to moisture, high thermal stability, and mechanically
stable zirconium-based MOFs [74,99,144-146]. One of the reasoning behind the choice of
MIL-101(Cr) and UiO-66 in this study was based on the exceptional moisture stabilities and
potential high mechanical strength of the two MOFs [9]. The chemistry of carboxylate organic
linkers was therefore of particular interest in this study. For example,some metal carboxylate
MOFs can share the same chemical composition but show different crystal geometries due to
crystal-to-crystal solid-state transitions that may occur during epitaxial. For example in the
synthesis of chromium (I11) terephthalate MOF there exists two possible polymorphic forms
(MIL-101(Cr) and MIL-53(Cr)) during the crystal growth under high pressure solvothermal
conditions [90]. The MIL-101(Cr) product forms fast with typical octahedral crystals typically
not exceeding 300 - 400 nm, however, under prolonged crystal growth, a more stable MIL-
53(Cr) product may also form which is characterized by needle-like crystal morphology with
multiple faces. Both the MIL-101(Cr) and MIL-53(Cr) have the same chemical composition
and typically give rise to similar compositional spectra such as infrared (IR) and X-ray
fluorescence (XRF), but they do have distinctly different surface areas and pore volumes The
MIL-101(Cr) has a highly mesoporous structure and average surface areas around 3000 m%g*

and MIL-53(Cr) is more microporous with average surface areas around 1000 m?g™ [147].
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The MIL-153(Cr) structure is also more flexible in comparison to MIL-101(Cr) as it has been
reported to undergo adsorption-induced structural changes, particularly during CO, adsorption
[71]. 1t is, therefore, important to control and optimize the process parameters, especially the
synthesis time during MIL-101(Cr) synthesis and preferably prevent the formation of MIL-

53(Cr) so as to obtain high surface areas as required for H, storage applications.

Another factor in carboxylate linkers is that the length of the organic linker plays a key role in
controlling the pore diameters within a MOF. It is generally found that longer chain
dicarboxylates, such as observed in isoreticular MOF (IRMOF) series shown in Fig. 2.5, can

increase pore diameters which may impart differing gas adsorption isotherm behaviours.
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Figure 2.5: Representation of a series of dicarboxylate organic linkers and the effect of linker
chain length on the pore size of the MOF. Colour scheme: Zn (turquoise polyhedral); O (red);
C (black); free volume (yellow). (Image reused with permission from © The Royal Society of

Chemistry 2014).

2.3.2. Post-synthesis activation of MOFs

In MOFs synthesized under solvothermal conditions, it is typically found that solvent
molecules remain within the pores of the as-synthesized MOF product. In order to use the MOF
for Hz adsorption applications, it is necessary to remove the solvent molecules so as to obtain

a stable MOF with fully accessible pores to facilitate the adsorption of the H> gas molecules.
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The process of solvent removal from the MOF pores is known as ‘activation’. This is an
important step during MOF production as it has been observed in some instances that certain
MOFs, such as may undergo incomplete solvent removal or the extreme case of pore collapse
upon their activation [10,24,94,148]. The selection of an activation method that does not
compromise the structure and accessibility of pores within the MOF is therefore an important
step in post-synthesis treatment of MOFs since the fully activated MOF structure would reach
its theoretical Brunauer-Emmett-Teller (BET) surface area. Poorly activated MOFs may be
characterized by significantly low BET surface areas in comparison to their theoretical values
[149]. There are two methods mainly used in the activation of MOFs: (1) heating at a specified
temperature, based on the thermogravimetric behaviour of the as-synthesized MOF, under
vacuum; (2) exchange of solvent molecules with a more volatile solvent, i.e. one that has a
lower boiling point than the solvent used for MOF synthesis, followed by heat evacuation or
drying at room temperature under vacuum. The type of exchange solvent may also play a key
role in either obtaining a fully or partially evacuated MOF, for example, it has been shown that
activation using supercritical CO2-is more superior in-removing solvent molecules in MOFs
compared to the use of chloroform and/or heating. In addition, it is also possible that the
selected exchange solvent may not activate different MOFs in the same manner. The work
reported by Dodson et al. [148] showed for two different Zn-MQOFs, SNU-70 (SNU = Seoul
National University) and MOF-5, the use of tetrahydrofuran (THF) produced partially activated
and amorphous crystals SNU-70, but fully activated and crystalline MOF-5 crystals.

2.4. Hy storage in MOFs

The use of metal-organic frameworks (MOFs) in cryogenic hydrogen (H2) adsorption has
shown promise towards system integration due to the high surface areas and large micropore
volumes reported, reproducibly, for benchmark MOFs such as MOF-5 and MOF-177 [150].
Also one of the highest measured total gravimetric H> capacities of 16.4 wt% H was reported
for the copper-based paddlewheel MOF NU-100 (NU = Northwestern university) at 77.3 K at
a pressure of 70 bar [10] . The fast kinetics afforded by the physisorption mechanism means
that the uptake and release (desorption) of H> molecules would require very minimal energy
inputs, making MOFs close to ideal candidates for their use for mobile H> storage systems.
Even though MOFs such as NU-100 have shown record gravimetric Hx capacities, their
application is not only limited to the gravimetric storage of H», especially for on-board
vehicular applications. The United States department of energy (US DOE) has set universally
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accepted standards towards the realisation of a potential Hz storage system for on-board vehicle
applications. The candidate solid-state storage materials are required to be used in combination
with a high-pressure cylinder to potentially reach a minimum gravimetric H» capacity of 4.5
wit% and volumetric H capacity of 30 g'L™%. Even though many MOFs have shown potential
of gravimetric Hx capacities in excess of 10 wt%, the problem is that their corresponding
volumetric H capacities are generally less than 30 g-L 1. Indeed, in a systematic study carried
out by Goldsmith and co-worker [100] thousands of different types of MOFs were assessed in
an effort to determine the proportion of MOF types with the potential of reaching the US DOE
targets, the study explored the relationship between the total gravimetric H, capacities and total
volumetric Hz capacities of the selected MOFs. The study found that numerous MOFs showed
relatively high gravimetric Hx capacities but the bulk of those MOFs also showed low
volumetric Hz densities, and only a few were within the 2017 US DOE targets at the time (5.5
wt%; 40 g-L1) within a single MOF material. On a plot of gravimetric H2 capacity versus
volumetric Hz capacity, the study showed that a maximum volumetric Hz capacity of ~55 g-L”
! was attainable in the selected MOFs, but crucially, it was shown that any further attempts to
improve the textural properties and increase the total gravimetric H, uptake could consequently
result in a reduction in the MOF’s total volumetric Hy capacity. This means that for the
consideration and selection of candidate MOFs, their surface areas should ideally be limited to
those that do not compromise the total volumetric H> capacity of the MOF. Their study
concluded that future studies should attempt shifting focus towards a direction whereby both
the total volumetric H» capacities and surface areas can be improved simultaneously without
compromising the crystal structure of the MOF material. The combination of favourable
surface areas and micropore volumes for physisorption-based H storage, and potential green
synthesis methods renders MOFs as being of high interest and promising for industrial

applications.

In recent times, the emphasis for MOF application in potential industrial H» storage systems
has also seen most studies shift their focus towards the improvement of the H>
working/deliverable capacity. The H, working/deliverable capacity is the difference between
the amount/quantity of H, adsorbed at 100 bar pressure to the amount/quantity of H> desorbed
at 5 bar [22,151,152]. This means that not only is the adsorption behaviour of the adsorbent-
H2 system important, but it is also important to take into consideration the reversibility of the
H> adsorption (i.e. the presence of absence of hysteresis). The recent study by Broom et al. [15]

highlighted some of the concepts that have shown promise towards the improvement of
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volumetric H capacities and working/deliverable capacities, without necessarily improving
the MOF textural properties. One such concept involves the co-crystallization of MOFs with
similar crystal structures such that they form interpenetrated MOF composites. The
interpenetration of MOF crystals was reported by Balderas-Xicohténcatl et al. [50] to result in
doubling of volumetric H2 capacity of the interpenetrated MOF (CFA-7) in comparison to the
non-interpenetrated MOF (MFU-4l). The study attributed this improvement to the improved
density of the interpenetrated CFA-7, but its gravimetric H> capacity was found to be less in
comparison to the non-interpenetrated MFU-4l due to the superior specific surface area of
MFU-4l (MFU-4lssa = 3000 m*>g! and CFA-7ssa = 1700 m#g™). This clearly showed a
compromise in the textural properties due to the interpenetration. Other cobalt-based
interpenetrated MOFs have been successfully synthesized and showed good properties for gas
separation techniques [153]. The development of interpenetrated MOFs is a budding research
area that shows promise in its application in gas storage and separation applications. A concept
that can possibly improve the Hz working/deliverable capacity in MOFs is the use of flexible
MOFs that can undergo structural guest-induced transformations, the guest being H:

molecules.

There are numerous attempts dedicated towards the development of new MOFs with tailored
textural properties and stabilities that could possibly attain high gravimetric and volumetric H»
capacities suitable for H» storage applications [15,35,63,97,100], however, there is still room
to explore inexpensive and simple methods that can aid in improving the volumetric H, and

working/deliverable capacities of pre-existing MOFs.

2.5. Pelletization of MOFs for H; storage applications

The system integration of MOFs in application-specific technologies is envisaged on shaped
MOF materials compared to MOFs in their pristine powder form. The most common and
successful shaping techniques used for shaping MOFs have been those that offer MOFs in the
form of pellets, granules, membranes, or fibers [154-157]. There has, therefore, been interest
in exploring the properties of MOFs in their shaped or fabricated forms. The shaping of MOFs
is not only intended to improve the ease of handling MOF-based materials but may also play a
role in enhancing some MOF material properties that are inherently diminished in the as-
synthesized MOF powder form. The shaping of MOF powders through pelletization has been
implemented successfully to improve the volumetric H capacity and thermal conductivity of
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MOFs. MOFs can show a wide range of flexibilities that afford them different responses to
external pressures [38,51,52,61]. MOFs with rigid structures or high mechanical strength may
undergo amorphisation at sufficiently high pressures. Some may show small but significant
degrees of flexibility by going through structural changes, such as pore widening or other
anisotropic topological changes. These structural changes can have a direct impact to gas
adsorption properties of the MOF, and it is generally observed that pelletized MOF forms tend
to show reduced surface area and diminished total gravimetric H> capacities in comparison to
their powdered counterparts [102,158,159].
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Figure 2.6: Schematic representation of the possible effects of pelletization on nanostructured

crystalline materials [116] (Image reused with permission from Elsevier).

It is, however, important that the pelletization of MOFs be investigated on fully evacuated
samples. The presence of solvent molecules within the MOF pores has been shown to make
MOFs assume greater mechanical stabilities compared to their fully evacuated form. The effect
of solvent molecules can be significantly high such that following the removal of the solvent
molecules from the MOF pores, the MOF structure can collapse or become distorted [148].
Such observations are mostly common in MOFs containing flexible linkers but in MOFs
considered to have high mechanical strength, such as observed in most zirconium-based MOFs,
the effect of pelletization may be enhanced by pre-existing distortions in the MOF structure
[70,160,161]. A study by Redfern et al. [162] compared the mechanical stabilities of MOFs
belonging to the UiO series (Universitetet i Oslo) and NU-900 series (NU = Northwestern
university) upon their pelletization at pressures below 500 MPa. The study found that MOFs
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with distortions in their crystal structure were prone to significant reductions in their bulk

modulus in comparison to MOFs with undistorted crystal structures (Fig. 2.7 and Fig. 2.8).
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Figure 2.7: Schematic representation of the effect of applied pressure on undistorted and
distorted crystals of UiO series [162]. (Image reused with permission from © 2019, American

Chemical Society).
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Figure 2.8: Comparison of the lattice compression in zirconium-based MOFs: (a) UiO series,
and (b) NU-900 series [162]. (Image reused with permission from © 2019, American Chemical
Society).
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Other factors affecting the mechanical stability of zirconium-based MOFs have been reported
on computational studies, with studies by Vandichel et al. [72] and Rogge et al. [73], showing
that the presence of defects (i.e. missing linkers or missing nodes) in the UiO-66 structure
would result in significant compromises to the shear modulus of the MOF. The bulk modulus
was shown to be affected to a lesser extent. The implication of the structural deformations that
may occur under applied pressures mean that both the textural properties and gas adsorption
behaviour can be majorly affected by pelletization. Indeed it has been reported that in most
cases where pelletization of MOF crystals is accompanied by structural changes, the surface
area of the MOF becomes reduced and subsequently the gravimetric H, capacity of the MOF

also becomes reduced [163].

Even though many studies have shown significant improvements of the volumetric H, capacity
through pelletization of MOFs, it is important that attempts be undertaken in order to maintain
the gravimetric H» capacity unaffected by the pelletization. The use of MOFs in their highly
robust forms is, therefore, imperative in achieving high volumetric H, capacities with
negligible effects on the gravimetric H> capacity. So far the most promising MOF is the
zirconium-based UiO-66, which has been reported to have one of the highest minimum shear
moduli amongst MOFs (ca. 13.7 GPa). It is, however, important to consider that UiO-66 has
been shown to exist in two stable forms, namely hydroxylated UiO-66 made up of ZreO4(OH)4
inorganic clusters and dehydroxylated UiO-66 that is made up of ZrsOe clusters. The

deydroxylation process occurs to completion at ca. 300 °C as follows [72,84,96,160,164]
Z1604,(0H),(s) = Zrg04(s) + 2H,0(g) Eqgn. (2.1)

This transition may be virtually undetectable by PXRD analysis as shown in previous studies
[160][84]. The computational studies by Vandichel et al. [72] and others [73,161], further
showed that, in addition to the presence of defects, the dehydroxylation process can also result
in major reductions in the bulk and shear moduli of UiO-66, which become more enhanced in
defective UiO-66. This means that dehydroxylated UiO-66 forms can possibly show lower
mechanical stabilities in comparison to the hydroxylated UiO-66 analogue.

Important to the pelletization of MOF powders is the inevitable improvement in their packing

densities. There have been numerous studies showing how densified MOFs translate to
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improved MOF densities which in turn result in significant improvements of the volumetric H>
capacity of the MOF. Of particular interest in this study was the study reported by Balderas-
Xicohténcatl et al. [50] who showed over a large amount of MOFs that the volumetric H>
capacity of a non-interpenetrated MOF would be directly proportional to its packing density
via the MOF’s volumetric surface area. The volumetric surface area can be described as the
unit square area of the adsorbent occupying 1 mL of its volume. The higher the density of the
adsorbent the higher the volumetric surface area, and this means that the increase in the packing
density accompanying the pelletization of a MOF powder would also result in an increase in
the volumetric surface area of the MOF. The study developed a mathematical model that
illustrates the relationship between the volumetric surface area of a MOF and its volumetric H»
capacity. Their calculations further reveal that this relationship yields the same “surface H>
density” of 1.9 x 102 mg.m2 that is also obtained using the Chahine rule [165,166]. Most
MOFs that were evaluated in the study showed experimental volumetric H, capacities that
could be closely predicted using the model, except for interpenetrated MOF structures such as
CFA-7 which showed the most significant deviation from the prediction model [50]. It is,
however, key to note that the predictive model is applicable at volumetric H> capacities

measured at 77 K and at pressure between 20 and 25 bar.

The shaping of MOFs can also be explored through their incorporation into polymers via the
electrospinning method, forming MOF@nanofiber composite materials useful for gas storage
applications. The incorporation of MOFs into electrospun nanofibers presents the opportunity
for easy processing, handling, and up-scaling of fabricated MOF structures, and thus forms a

key part towards the system-integration of MOFs for gas storage applications.

2.6. Principles of electrospinning

Electrospinning is the process of applying an electric voltage across an electrically conductive
and viscous liquid solution [167]. The electrospinning setup is depicted in Fig. 2.9, and consists
of an automated syringe pump that contains the conducting solution. At the needle-tip the
voltage is applied and a collection screen (normally an aluminium screen) is situated on the

opposite end of the needle-tip.
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Figure 2.9: Schematic of a typical electrospinning setup [168].

The voltage is typically applied across charged steel needle and a charged collector, resulting
in the migration of electrons and causes charge build up on the surface of the solution. The
polarity of steel nozzle determines the charge build-up on the surface of the solution. If the
needle is negatively charged, positive charges become attracted to the electrode, in the case of
a positively charged needle, anions migrate to the electrode (Figure 2.10). The free surface of
the liquid maintains an equipotential at all times, with the charges distributed in a way that
maintains a zero electric field inside the liquid. When a voltage threshold is reached,
Coulombic forces, resulting from the repulsion of similar charges on the solution surface
overcome the surface tension that keeps the solution droplet intact. This results in the droplet
becoming conical in shape, forming a Taylor cone that has a characteristic half angle of about
48.3° [169]. Although the size of the columbic force is correlated to the magnitude of the
applied voltage, the density of ions and electrons in the overall neutral solution strongly

influences the degree of charge build up.
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Figure 2.10: Schematic representation of electrospinning needle with positively charged and
negatively charged electrodes showing charge build-up on the solution with respect to the

polarity of electrode.
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Figure 2.11: Schematic representation of solution at the needle-tip showing the different

regions of the bending instability mechanism typical during electrospinning [169].

Once the Taylor cone is formed, it extends into an electrically charged fiber jet that is ejected
from the tip of the cone and accelerated towards the collector screen. The fiber jet may undergo

a series of stretching modes, as shown in Fig. 2.11. The inception regions of the jet form a
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straight portion which is then followed by a radially spiralling conical region. This unstable
region is caused by an asymmetric whipping mechanism. The whipping mechanism is caused
by the coupled interaction of the coulombic forces on the jet with the electric field between the
needle and the collector, thereby enabling a continuous stretching of the jet and resulting in the

formation of a nanofiber network on the collector screen [167,170-172].

In this study, the process of electrospinning was based on the use of polymer solutions whereby
MOF powders could possibly be co-electrospun and embedded on the polymer matrix. The

selection of electrospinnable polymers was therefore crucial.

2.6.1. Types of polymers used in electrospinning

The parameters taken into consideration in choice of polymer include melting and glass
transition temperatures, solubility or compatibility with other polymers-solvent systems when
forming blends, chemical and biological compatibility (i.e. availability of specific functional
groups) and/or suitability for post processing (e.g. whether it can be carbonised to make
composite fibres). There are a wide variety of polymers that can be used for electrospinning
and narrowing down the options available depends very much on the specific application, but
for the purposes of fabricating MOF/polymer nanofibers, synthetic polymers are more suitable
due to their durability, cost-effectiveness and tuneable properties (e.g. high tensile strength and
viscoelasticity). Among some of the examples ~of synthetic polymers are:
polymethylmethacrylate (PMMA); polystyrene (PS); polyacrylonitrile (PAN); polyvinyl
alcohol (PVA); and polyvinylchloride (PVA) to name a few. Particular interest in this study
was given to PAN, PS, and PMMA polymers as these have shown great promise in the
production of MOF/polymer nanofibers [173-176]. In addition, due to the high thermal
stability and thermal cross-linking of PAN, it is possible that PAN-based nanofibers can be
converted into carbon nanofibers via thermal treatment under inert conditions, which is an

added advantage for gas storage applications [57].

The chemical composition and electric conductivity only contribute to the electrospinnability
of the polymer solution, but the properties of the fibers, particularly the fiber diameter, is

mainly influenced by the process parameters or settings employed during the electrospinning.
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2.6.2. Electrospinning parameters

The process parameters affecting the morphology of the resultant nanofibers can be divided
into three groups as solution-based parameters, applied process parameters, and environmental
parameters. The solution-based parameters refer to the intrinsic properties of the polymer
solution such as the viscosity, polymer concentration, conductivity of the solution, the
dielectric constant of the solvent, and polymer molecular weight. The applied process
parameters refer to the applied voltage, the rate of pumping the solution through the needle-tip,
diameter of the needle-tip, and the distance of the collector from the needle-tip. Finally, the
environmental parameters include the humidity and temperature of the localized
electrospinning setup, given an enclosed system/cabinet. In the electrospinning of PAN
solutions, the electrospinnable concentration range can start from 8 wt% PAN dissolved in
dimethylformamide (DMF) to about 12 wt% with an average molecular weight of 150 kDa
[57,177]. The concentration and molecular weight alone are rather not sufficient to ensure
successful electrospinning of PAN nanofibers, it is common that the combination of certain

parameters be optimized in order to obtain desired morphologies.

2.6.3. Incorporation of MOFs into electrospun nanofibers

A variety of MOFs, ranging from zirconium-, iron-, chromium-, and copper-based MOFs, have
been successfully electrospun with polymers such as polyacrylonitrile (PAN), polyvinylidene
fluoride (PVDF), Poly-L-lactide (PLL), polystyrene (PS) to name a few [78,80,178]. The
advantage of producting MOF/polymer composites is that they can be obtained as fibrous
membranes with vast applications in gas separation, chemical sensors, water purification and
used as polymer-based binders in shaping of powdered solid-state adsorbents [111,167,179—
181]. The disadvantage to incorporating MOFs in nanofibers is that they tend to show
compromised textural properties in comparison to the pristine MOF powders. In addition, due
to the limitations of the electrospinning process, such as viscosity and polymer concentration,
there are limits to the amount of MOF powder that can added onto a polymer solution that is
electrospinnable. A challenge with incorporating MOF powders is also their effect on the
morphology of the nanofiber properties such as nanofiber diameter and the absence of beaded

fibers. It has generally been shown that loadings above 20 wt% of the powder with respect to
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the polymer content may cause the polymer/powder mixture/emulsion to have a significantly
higher viscosity compared to the polymer solution without powder material [57]. The
increased viscosity would result in very slow flow rates upon electrospinning through a needle
with a small inside diameter (typically < 1 mm in most electrospinning setups). The result of
a restricted flow of the polymer solution/emulsion would lead to either a non-electrospinnable
solution/emulsion or cause the formation of beaded nanofibers which would severely
compromise the surface morphologies of the nanofibers [171,182]. In addition to
electrospinning of MOF/polymer solutions, porous polymers such the polymers of intrinsic
microporosity (PIMs) have also been shown to be electrospinnable. The advantage of PIMs is
that they are made up of a permanently microporous structure that is not lost upon processing
them into powders, nanofibers, or thin films. The H. storage capacities of polymer nanofibers,
including MOF/polymer nanofibers, have not been shown to rival those obtained in pristine
MOF powders. Due to the ease of fabricating nanofibers using electrospinning, it may be
possible to develop nanofibers with hierarchical pore structures by incorporating MOFs of
different nanoporosity [112,183,184]. The importance of porous solids with hierarchical
porosity is that they can show combinations of gas adsorption behaviour. For example, micro-
mesoporous material can show Type | adsorption at low pressure and also Type Il adsorption
at higher pressures [118]. This could improve the working capacity of the adsorbed gas, which

has significant implications in Hz storage applications.

The use of the proper analysis tools is important for accurately determining the amount of H»
that can be stored in a porous material. It is important that Hz capacities are measured based on

the properties of the adsorbent materials.
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2.7. Chapter summary

This chapter detailed some of the studies undertaken to investigate the mechanism of
physisorption on porous materials, with particular focus on the physisorption of hydrogen gas
(H2). The chapter further discussed the fabrication of porous materials using the pelletization
and electrospinning strategies. The benefits and limitations of each method were discussed and
it was clear that the most concerning challenge in each method was that the shaped forms of
MOFs, and their composites with polymers/binders, showed reduced textural properties
(surface areas and porosity) in comparison to pristine MOF powders. It was, therefore, an
underlying objective in this study that in the development of strategies to improve volumetric
and usable H> capacities, much of the focus should be directed at reducing the negative effects
of pelletization and electrospinning possibly to insignificant levels compared to previous

reports.
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Chapter 3

3. Methodology

This chapter gives a detailed discussion of the materials and methods used in this study. In
figure 3.1 a summarized flow chart is given showing the top-down approach of the main
materials and how the sample preparation methods linked during experimentation. The

characterization techniques used in this study are given later in the chapter.

Synthesis of pristine
porous materials

l l

Acid modulated Chemical vapour Electrospinning: PAN,
solvothermal deposition (CVD): PS & PMMA, & PIM-1
synthesis: MOFs Graphene foam (GF)

o 7
G) | Pelletization | 7, «
Skt $

Figure 3.1: Flow diagram summarizing the sequence of material preparation towards

obtaining a composite material with possibly optimized properties for H> storage applications.

Chemicals

The chemicals used in this study are listed in Table 3.1 and a brief description of their purpose

in the study is also provided. All chemicals were used without further purification.
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Table 3.1: List of all chemicals used during the study and a brief description of their role.

Chemical Chemical formula &|Composition Brief properties relevant to study
supplier
Zirconium (1V) chloride  |ZrCl4 (Sigma Aldrich) 99.5% Readily dissolves in DMF forming Zr*

ions. Precursor for UiO-66.

1,4-Benzenedicarboxylic  |CgHsO2 (Sigma Aldrich)  [98% Readily dissolves in DMF forming
acid (BDC) [CsH40,]% anions. Precursor for UiO-66.
Chromium  (l11) chloride|CrCls.6H,0 (Sigma Readily dissolves in water forming Cr3*
hexahydrate Aldrich) ions. Precursor for MIL-101(Cr)
N,N-Dimethylformamide |CsH;NO (Sigma Aldrich) [99.8% Good solvent for ZrCls, BDC, PAN, PMMA
(DMF) and PS

Formic acid (FA) CH>0; (Sigma Aldrich)  [95+% Acid modulator for MOF synthesis

Dry acetone CsHsO (Sigma Aldrich) Drying agent

Deionized water H.O (HySA lab) 100% Good solvent for CrCls.6H;0

Polyacrylonitrile (PAN)

[-CsH3N-]n (Sigma Aldrich)

Avg. My, = 150 kDa

Good electrical conductivity  for
electrospinning &readily dissolves in DMF

Poly(methyl
(PMMA)

methacrylate)

[-C502Hs-]n
Aldrich)

(Sigma

Avg. My, = 120 kDa

Good electrical conductivity & readily
dissolves in DMF & acetone

Polystyrene (PS)

[-CsHs-]n (Sigma Aldrich)

Avg. My, =50 kDa

Good electrical conductivity & readily
dissolves in DMF

Nickel foam (NF)

Ni (Celmet, Japan)

1.6 mm  thick,
surface area = 7500
m2.m=3, cell size
0.5 mm, 48-52 cells
per inch

Readily absorbs carbon at ~1000 °C &
readily dissolves in hydrochloric acid (HCI)

Hydrochloric acid (HCI)

HCI (Sigma Aldrich)

36.8 — 38 % (~12
12.51 mol.dm)

Strong acid which can dissolve metals

Polymer of intrinsic
microporosity-1 (PIM-1)"

Tetrachloroethane (TCE) |C.Cls (Sigma Aldrich) > 98 % Organic solvent. Readily dissolves PIM-1 at
room temperature
Tetrahydrofuran (THF) CsHgO (Sigma Aldrich) > 99 % Organic solvent. Can dissolve PIM-1
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3.1. Synthesis of pristine porous materials

3.1.1. Solvothermal synthesis of UiO-66

The synthesis of UiO-66 was based on a 1:1:100 ZrCls:H2BDC:FA molar ratio for all
experiments as the use of 100 molar equivalent of a monocaboxylic acid, such as FA, has been
reported to promote fast nucleation of UiO-66 crystals [99]. The acid-modulated solvothermal
method has also been shown to be relatively easy to control in order to obtain desired synthesis
times and crystal sizes as well as the possibility of forming defects (missing linkers), and these
variables may lead to tailoring desired textural properties in the as-prepared UiO-66 product.
It is important in the current study that the surface area and pore volumes obtainable for UiO-
66 are as a high as possible under such synthesis conditions in order to obtain high H, uptake
capacities compared to those previously reported. Using the acid-modulated solvothermal
synthesis, where the molar ratio of modulator to precursors can be as high as 100:1, it is
possible to grow UiO-66 crystal sizes up to and/or above ~ 2 um depending on the synthesis
times [107,108]. The control over the UiO-66 crystal size is therefore important in this study
as large crystals (~ 2 um) tend to promote the formation of beaded nanofiber composites during
electrospinning, which result in inconsistent fiber diameters caused by the “beads on a string”

morphology.

In a typical synthesis procedure, ZrCls and H.BDC were ultrasonically dissolved in 50 mL
DMF for about 15 minutes at room temperature. To the mixture, the 100 molar equivalent of
FA was added and further sonicated for 5 minutes. The mixture was then transferred to a reflux
setup, heated to 120 °C and kept at that temperature for a specified time (typically 4 to 48 hours)
depending on the crystal size required. After the reaction was complete, the white product was
collected in a centrifuge at about 10 000 rpm for at least 10 minutes. In order to remove
unreacted reagents, the UiO-66 product was washed in 50 mL of pure DMF at 60 °C for 3
hours. After washing, the product was collected by centrifugation at 10 000 rpm for 10 minutes.
As UiO-66 is a highly porous material, it was also important that solvent exchange be done in
order to replace the DMF solvent molecules maintained within the pores with a more volatile
solvent like acetone. This last step was done in a 100 mL conical flask and the UiO-66 product
immersed in 50 mL acetone and stirred at room temperature for about 30 minutes, after which
the final product was recollected by centrifugation at 10 000 rpm for 10 minutes. After re-

collection, the UiO-66 product was dried in a vacuum oven at 25 °C under vacuum. The
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selection of a specific degassing temperature within the aforementioned temperature range was
found to play a significant part in the properties of UiO-66 and its effects are later discussed in

chapter 4.

3.1.2. Solvothermal synthesis of MIL-101(Cr)

The synthesis of MIL-101(Cr) was also based on an acid-modulated procedure similar to that
of UiO-66 where a 1:1:100 molar ratio of CrCl3.6H>.O/BDC/FA was used throughout the study.
In a typical procedure, 5 mmol CrClz.6H20, 5 mmol BDC, and 0.5 mol FA were ultrasonically
dissolved in 50 mL deionised water for 30 minutes. The mixture was then heated and held at
210 °C for 8 hours, after which the resultant product was placed in a 100 mL conical flask and
washed under stirring in 50 mL DMF at 60 °C for 3 hours. The washed product was recollected
via centrifuge at 10 000 rpm for 10 minutes until no solid particles were observed in the
supernatant liquid. The recollected solid was thentransferred to a clean 100 mL conical flask
and washed under stirring in 50 mL acetone for 30 minutes, followed by re-collection at 10
000 rpm and finally the product was dried in a vacuum oven at 90 °C under vacuum for 12 —
24 hours.

The possible presence of MIL-53(Cr) cross-contamination can be detected using XRD and
microscopy (SEM or TEM) due to the distinctly different structures that it exhibits from MIL-
101(Cr) crystals.

3.1.3. Synthesis of graphene foam (GF) and GF/UiO-66 composite

The thermal conductivity of MOFs has been shown to be extremely low compared to other
porous materials [15,43,55]. The need to improve MOF thermal conductivities is imperative
for Ha storage applications in order to ensure efficient heat dissipation during the adsorption of
H> gas at high pressure. One of the most widely used methods is the addition of carbons to
form MOF/carbon composites which tend to have much improved thermal conductivities
compared to the pristine MOF, such as reported for MOF-5/ENG (expanded natural graphite)
at ENG loadings as low as 5 wt% [51]. An ideal MOF/carbon composite would be one where
the carbon shows extremely high thermal conductivity and also the possibility of itself
adsorbing Hz onto its surface. One such carbon material is graphene. The synthesis of graphene

has for many years been achieved through chemical synthesis methods such as exfoliation of
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graphite oxides [27,76,185-187], but recently direct synthesis of graphene was achieved using
a hard templating technique where carbon atoms are deposited on a metal template, such as
nickel (Ni) or copper (Cu), at high temperature, known as chemical vapour deposition (CVD).
The technique has been shown to be an effective way of producing either single- or multi-
layered graphene depending on the choice of metal template being used. A study by Chen and
co-workers further showed that by using a nickel foam as a template, it was possible to produce
3-D graphene termed “graphene foams”, which retained the initial structure of the Ni foam
template [188].

In this study graphene foam (GF) was synthesized using the CVD method adopted from the
works of Chen et al. [188]. The details of the procedure used for depositing carbon, in terms of
the experimental gas flow rates and temperatures at the different stages of the CVD process,

are shown in Fig. 3.2.
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Figure 3.2: Schematic representation of the CVD process and the crystal growth of UiO-66

on the surface of GF: (top) Temperature control and gas purges during the carbon deposition

step; (bottom) Carbon deposition and Ni template removal steps.

In the PMMA coating step, 0.5 g of PMMA granules were dissolved at 60 °C in 10 mL of DMF
in a 50 mL beaker to obtain a 5 mgmL™ PMMA solution. After cooling the PMMA solution

to room temperature, a 5 mL aliquot of the 5 mgmL™? PMMA solution was spread onto the

surface of the Ni-G product using a syringe. The Ni etching was carried out with 3 M HCl )

solution over 3 days with fresh 10 mL aliquots of 3 M HCl(q) added in each day to replace the

previous etching solution. After the Ni etching, the PMMA coating was removed using two
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methods, namely: (1) Acetone dissolution for 24 hours, to selectively dissolve the PMMA
polymer without affecting the as-synthesized GF and (2) Pyrolysis of the GF/PMMA
composite at 800 °C under a constant 0.025 mL'min flow of argon gas (Ar). The pyrolysis
method was found to be the more efficient at reducing the amount of contaminants on the

surface of the as-synthesized GF (see Fig. 6.1 in chapter 6).

In Fig. 3.3 represents the in-situ growth of UiO-66 onto the surface of the graphene foam (GF)
was conducted in a 50 mL round-bottom flask under static conditions.

GF-Ui0-66

in situ growth of
Zr-MOF
o — e,

Figure 3.3: Synthesis of UiO-66 onto CVD-grown GF using a single-step and two-step in-situ

crystal growth method.

The GF was then used as a substrate to grow UiO-66 whereby an approximately 20 mg sample
of GF was immersed in a solution containing a 1:1:100 molar ratio of a ZrCls:H.BDC:FA
mixture in 20 mL of DMF solvent. The experiment was divided into two approaches where the
first approach involved the direct synthesis of UiO-66 on GF via a single step method. After
the one-step synthesis, the GF/UiO-66 composite was soaked in hot DMF to remove any
unreacted H.BDC and importantly the washing step avoided the recollection of the product via
centrifuging as that would have destroyed the structure of GF. This is because the manner in
which the GF was prepared was such that no other mechanical reinforcing agents, such as
silicone, were added to the as-synthesized GF in order to give it some degree of flexibility,
meaning that the GF was prepared in a pristine but brittle state. The solvent exchange step
with acetone was also done under static conditions in order to prevent physical damage to the
GF/UiO-66 under mechanical stirring. In the second approach of in-situ UiO-66 crystal
growth, a two-step method was utilized whereby a dried GF/UiO-66 product from the single-
step or direct synthesis method was transferred to a 50 mL round-bottom flask containing a
fresh solution of 1:1:100 molar ratio ZrCls:H2BDC:FA in 20 mL DMF solvent. The mixture
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was then heated to 120°C and maintained for 6 hours under static conditions. After the synthesis
of Ui0-66 onto the single-step GF/UiO-66 product, the final product was washed by immersing
into DMF at 60 °C for 30 minutes. After decanting the supernatant liquid containing DMF and
unreacted terephthalic acid, the GF/UiO-66 product was transferred to a clean petri dish,
covered with perforated aluminium foil and allowed to dry in air for 12 — 24 hours.t. The overall
percentage yield of UiO-66 that was grown on the 20 mg GF was approximately 85 — 95 wt%
assuming an even distribution of the UiO-66 crystals onto the surface of GF.

3.2. Shaping of MOF materials and their composites

Metal-organic frameworks have shown great promise in applications such as gas storage, gas
separation, water treatment, catalysis, and as support materials in batteries [189,190][191].
Their system integration in application-specific technologies has therefore found greater
interest in shaped MOF materials compared to MOFs in their pristine powder form. The most
common and successful shaping techniques used for shaping MOFs have been those that offer
MOFs in the form of pellets, granules, membranes, or fibers. The interest of exploring the
properties of MOFs in their shaped or fabricated forms has, therefore, become paramount in
developing MOF or MOF composite materials that would have properties applicable to real-
world technologies. The shaping of MOFs is not only intended to improve the ease of handling
MOF-based materials but may also play a role in enhancing some MOF material properties that
are inherently diminished in the as-synthesized MOF powder form. For example, there are
well-documented studies on the pelletization of MOFs which have been shown to greatly
improve the density of the MOF and subsequently showing significant improvements in the
volumetric Ha capacity of the MOF pellet compared to its powder counterpart [30,51]. In this
section the two shaping techniques, namely, pelletization and electrospinning, employed in this

work are presented.

3.2.1. Electrospinning of MOF/polymer composites for H» storage applications

In this study, the purpose of electrospinning was to incorporate UiO-66 and MIL-101(Cr)
powders into nanofiber mats so as to produce MOF/polymer composites that were easy to
handle compared to the loose MOF powders, but more importantly with surface areas that
would not be significantly compromised when compared to the pristine MOF powders. The

polymers of choice were the non-porous polymers PAN, PMMA, and PS, and one porous
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polymer PIM-1. Two electrospinning techniques were employed in this study, namely the
single-nozzle (Fig. 3.4) and the co-axial electrospinning methods (Fig. 3.5). The non-porous
nature of PAN, PMMA, and PS poised a challenge as they typically show very small surface
areas and their MOF/polymer composites would thus be expected to have significantly lower
surface areas compared to the pristine MOFs. The potential to increase the MOF loading could,

however, lead to improved surface areas and pore volumes in the MOF/polymer composites.

Aluminium foil
(collector)

Syringe with polymer
solution

Automatic pumping
device

Figure 3.4: General experimental setup for the single-nozzle electrospinning method employed

in the electrospinning of PAN, MOF/PAN, and PIM-1 polymer solutions.

Prior to the addition of MOFs onto each of the polymer solutions chosen in this study, the
concentration(s) of the polymer (weight percentage of the polymer with respect to the solvent)
which could give the most optimum nanofiber properties, showing little to no bead formation
and consistent nanofiber diameters, had to be determined. The electrospinning of the non-
porous polymers was based on previously reported literature and more specifically work that
was previously done by Annamalai et al. [57] at the HySA Infrastructure group. The polymer
concentrations used for PAN electrospinning were 8, 10, and 12 wt% in DMF and 20, 25, and
30 wt% for both PMMA and PS in DMF. In the preparation of MOF/polymer composites, 20
wt% of MOF powder, with respect to the mass of the polymer in solution (Table 3.2), was
added in a conical flask together with the polymer granules. After addition of a 10 mL aliquot
of DMF, the mixture was sealed and stirred at 250 rpm overnight at room temperature. It was
found that mixtures stirred overnight (time > 8 hours) produced better dispersion of the MOF

powder in comparison to mixtures stirred over shorter times.
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The two other important process parameters during electrospinning were the distance (cm) of
the collector from the needle tip and the applied voltage (kV). As previously discussed in
chapter 2, the combination of polymer concentration, distance of the collector, and the applied
voltage all have an effect on the morphology of polymer nanofibers during electrospinning
[176,180,182,192,193]. A series of screening experiments were conducted in order to
determine the best possible electrospinning conditions for each of the non-porous polymers
which would give the desirable polymer nanofiber morphologies. It is important to note that
this study did not focus on the use of statistical analysis tools, such as mixture designs, D-
optimal designs or any form of statistical analysis software in order to elucidate the optimum
electrospinning process parameters. Such analyses were done in previous studies [176] and in
this study the aim was to select out of those proposed conditions the ones that would provide
optimum conditions for both single-nozzle and coaxial electrospinning of MOF/polymer
composites. The basis for the selection criteria was on the characterization of the resultant
nanofibers after electrospinning at each of the aforementioned process parameters (see results
in chapter 5). The optimal conditions that eventually gave the most desired nanofiber

morphologies are given in Table 3.2.

In the single-nozzle method, only a single polymer solution producing a single solid nanofiber
jet is obtained, whereas in the co-axial method the nanofiber jet is produced through a
concentric needle and thus consists of a core and shell morphology (a detailed explanation of
the two techniques is provided in chapter 2). This means that the single-nozzle technique could
be used to optimize the electrospinning conditions for each polymer type before and after
incorporation of the MOF powder.

The co-axial electrospinning setup used a concentric needle with two separate inlets bringing
the two polymer solutions in the same direction as shown in Fig. 3.5 (insert). This required
that a set of tubes be connected from the syringes to each inlet. In that case, the proper transfer
tubes for the electrospinning procedures needed to be selected. The most commonly used
tubing polymers such as polypropylene and polyethylene were found to dissolve, swell or
rupture in DMF, THF and TCE solvents. The alternative tubing options available at our lab
were Teflon and cross-linked polyethylene (XLPE) tubes. Both showed to be resistant to the
solvents, with no swelling observed when immersed for 24 hours but the Teflon tubes were

chosen for their flexibility compared to XLPE tubes and used for all the co-electrospinning
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experiments. The electrospinning of PIM-1 was found to be the most difficult to electrospin

compared to non-porous polymers. PIM-1 did not dissolve in common organic solvents such

as DMF, acetone, or chloroform and thus required specialized, safe, and well ventilated

conditions for its dissolution in the toxic tetrachloroethane (TCE) solvent.

Table 3.2: Experimental process parameters used in both single-nozzle and coaxial

electrospinning. The solvent concentrations were obtained from screening experiments.

Polymer | Vol. DMF | Optimum Mass of | Mass of 20 | Applied Solution
or [polymer] | polymer | wt% MOF | voltage flow rate
TCE/THF | (wt% or g/g (9) loading (g) (kV) (mL.h1)
(mL)™ solvent)”
PAN 10 8 0.7552 0.1510 11 1.8
PMMA 10 25 2.36 0.4720 11 1.8
PS 10 25 2.36 0.4720 11 1.8
PIM-1 10 5 0.567 - 16 3.0
Distance from needle tip = 15 cm

*optimum values determined from screening experiments done on pristine polymer solutions.

™ A 7:3 viv TCE:THF solvent mixture was used to electrospin PIM-1 and the mass of PIM-1 was with respect to the mass of TCE.
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Figure 3.5: Coaxial electrospinning setup used to prepare core-shell PMMA@PAN,
MOF/X@PAN, and MOF/X@MOF/PAN nanofibers (X = PMMA or PS).

3.2.2. Pelletization of pristine MOFs and MOF/carbon composites

The fabrication of powdered materials into shaped bodies is important for industrial
applications as it provides ease-of-handling and structural stability during processing. In
porous materials, there is an added benefit to shaping powdered products into pellets or
granules, and that is in improving the packing density of the material. The implications in H»
storage is such that a high MOF packing density translates into a high volumetric H> capacity
for the shaped MOF compared to its powdered counterpart. In this study the shaping of UiO-
66 and MIL-101(Cr) powders by pelletization technique employed a Specac Manual Hydraulic
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press and 13 mm diameter (surface area = 113 mm?) stainless steel die as shown in Fig. 3.6.
As it was shown earlier in Fig. 3.1, the pelletization method was done on various samples.
Firstly the pristine MOFs were pelletized in order to investigate the effects of pelletizing
pristine UiO-66 and MIL-101(Cr) powders without incorporating binders such as polymers, or
using a solvent-assisted pelletisation method. The pelletization of pristine UiO-66 and MIL-
101(Cr) was to show possible pressure-induced responses for each MOF and how the

pelletization would affect the MOF textural properties compared to its powder counterpart.

In this study a series of screening experiments were performed on the pristine MOFs whereby
a ~400 mg sample of MOF powder was pelletized at 2, 4, 6, 8, and 9 metric tonnes (150, 290,
440, 590, and 650 MPa respectively) for 15 minutes. In the initial experiments, the UiO-66 was
first activated at 80 °C and pelletized according to the above-mentioned method. It was
important to ensure that each sample was fully activated, i.e. they did not contain significant
amounts of DMF solvent molecules as it has been shown that some MOFs may undergo a
structural collapse after removal of solvent molecules [94,149]. The activation was therefore
done firstly by solvent exchange of the as-synthesized MOF with 50 mL acetone in a 100 mL
conical flask, as detailed in section 3.1.2. After drying the recollected product under vacuum
and room temperature, a 500 mg sample of the UiO-66 powder was heated under vacuum (~10
"bar) at 80 °C for 16 — 32 hours in a Micromeritics SmartVac degassing unit. The pelletization
of UiO-66, activated at 80 °C, was done as an initial screening that would be used to establish
the highest applied pressure where the packing density would ideally exceed 1 gmL™ but most
importantly where the crystal structure of UiO-66 would not be greatly compromised, i.e.
would not become amorphous (density measurements are described in section 3.5). The phase
crystallinity of each sample was then monitored using Powder X-ray diffraction (PXRD)
analysis after each pelletization step (section 3.4.2.1). Some MOFs can show a high degree of
rigidity prior to their full activation [148], however, it was possible that after the complete
removal of the solvent molecules (evacuation), the structure of the MOF could be compromised
and in extreme cases even collapse into an amorphous powder. In other cases [15,101,194,195],
MOFs, such as MIL-53, may show a high degree of flexibility such that upon removal of an
applied external pressure the MOF would regain its original structure prior to the application
of pressure. This shows two important aspects in MOF pelletization, full activation and
flexibility of the MOF structure. In order to investigate such a possibilities in UiO-66 and MIL-
101(Cr), each MOF sample was first pelletized at its specified pressure and then ground into a

fine powder followed by PXRD analysis of the MOF sample in its densified/pellet and ground
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forms. This would give information whether the application of pressure to UiO-66 and MIL-
101(Cr) was a reversible or irreversible process. In the pelletization of MIL-101(Cr), all
samples were first activated at 200 °C prior to their pelletization at 2, 4, 6, 8, and 9 metric
tonnes and also followed by measurement of their packing densities and PXRD patterns to

monitor any possible changes to the crystal structure.

The second part of the pelletization experiments involved pelletizing UiO-66 samples at 9
metric tonnes (665 MPa) that were activated at different temperatures beginning at 80 to 320
°C at intervals of 30 °C. As discussed in chapter 2, UiO-66 exists in two different forms that
exhibit slightly but significant gas adsorption properties. It may exist in a hydroxylated form
consisting of ZrsO4(OH)4 inorganic nodes and also in a dehydroxylated form that is obtained
by the dehydroxylation/dehydration of ZrsO4(OH)24 nodes at ~300 °C to form ZreOs inorganic
nodes [84]. In this study, the dehydroxylation process of UiO-66 was investigated using a
Thermogravimetric analyser (TGA) coupled to a Mass spectrometer (MS) in order to determine
the temperature range where hydroxylated UiO-66 became converted into dehydroxylated
UiO-66 (details of the TGA-MS analysis are given in section 3.4.4.1). The UiO-66 samples
were activated at 80, 110, 140, 170, 200, 230, 260, 290, and 320 °C followed by their
pelletization at 9 metric tonnes (665 MPa) for 15 minutes. The crystal structure and textural

properties were then measured as described in section 3.2.

The final part of the pelletization method was done on UiO-66 powder samples with the
incorporation of MOF/nanofiber composites as binders and also pelletized with graphene foam
(GF) in order to potentially improve the thermal conductivity. Only UiO-66 was used in the
final pelletization method since higher yields could be obtained from a single batch instead of
using MIL-101(Cr) which could only be obtained in small yields using a multi-batch synthesis
method (described in section 3.1.1). Furthermore, only the MOF/nanofiber composite samples
showing the highest surface areas were selected as binders. The pelletization of UiO-66 with
MOF/nanofiber composites was done using ~400 mg UiO-66 powder to which ~10 mg of the
MOF/nanofiber composite material was added as shown in Fig. 3.6. For these samples, only
the textural properties and packing densities were measured. In the pelletization of UiO-66 and
the UiO-66/GF composite material, about 400 mg of UiO-66 and 20 mg (5 wt%) of UiO-66/GF
were mixed and ground into a fine powder using an agate mortar and pestle and the resultant

mixture was pelletized at 9 metric tonnes (665 MPa) for 15 minutes.
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Step 2- 5 mg nanofiber

Step 3- 133 mg Ui0-66
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Figure 3.6: Image of the Specac hydraulic press used for the pelletization/compaction of
pristine MOF powders (UiO-66 and MIL-101(Cr)) and the co-pelletization of UiO-66 with

5 wt% electrospun nanofibers as binders, forming layered UiO-66/nanofiber composites

(schematic).

3.3. Characterization

This section reports on the characterization techniques employed in this study. Due to the use
of crystalline, nanostructured and porous materials, the major characterisation techniques of
interest were based on determining intrinsic material properties such as crystalline phases,
crystal sizes, textural properties (surface area and pore volumes), chemical compositions, and
thermal properties. The aim was therefore to analyze how these intrinsic properties influenced
the hydrogen storage capacities that could be attainable using the aforementioned materials of
choice. The characterisation was purely based on predetermined materials and no new materials
are proposed in this study and hence some reference will be made to previous publications
similar to this study for comparison purposes. The characterisation techniques are grouped into:
(i) imaging; (ii) spectroscopy; (iii) crystallography (iv); gas adsorption; and (v) thermal

analysis.

3.3.1. Imaging

The imaging of nanostructured materials plays an important role in elucidating the structure,
in particular shapes and sizes, of pristine materials through the use of microscopic techniques.
Imaging is particularly of interest in this study as it allowed for the determination of MOF
crystal shapes and sizes, and also the MOF distribution onto the polymer nanofiber and carbon

substrates.
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3.3.1.1. Scanning electron microscopy (SEM)

SEM is a common technique used for imaging the microstructural features of a material’s
surface. A narrow beam of electrons of about 2 — 3 nm is focused through lenses onto a mounted
sample which is used to scan the surface of the material. The resultant electron-electron
interactions on the surface of the material may scatter some of the incident beam electrons or
produce a secondary electron beam, or even produce X-rays. Depending on the type of detector
being utilized, images from different depths of the material surface can be obtained. The
secondary electrons can be collected to produce an image a few nanometers from the top of the
material’s surface. The scattered electrons on the other hand originate from deeper, about few
hundred nanometers, and the image may give information about the distribution of contrasting
elements on the surface of the material [196]. The X-rays are detected using a special kind of
detector which uses the methods of energy-dispersive X-ray spectroscopy (EDX) and can
produce images from a couple of micrometers into the material surface. The EDX coupled
image produces not only distributions of contrasting chemical elements, but also their spectra.
An important feature in SEM imaging is that the sample/material must be conductive in order
to produce quality images. In semi- or non-conductive materials there becomes the problem
known as the charging effect. Charging may be caused by the partial or complete restriction
of electrons to penetrate the sample and thus resulting in the build-up of static electric charges
on the surface of the sample.. The most common problem associated with charging is poor
contrast in the image produced, which would hugely affect the image quality of composites
such as those used in this study. In order to overcome the effects of charging, the sample is pre-
coated with a conductive material such as carbon or metals such as chromium or gold [196].

In this study, SEM imaging was done using a Carl Zeiss Auriga Cobra Focused lon Beam
Scanning Electron Microscope (FIB-SEM). The accelerating voltage was maintained at 30 kV
and energy high tension (EHT) voltage at 3.00 kV with magnification up to 60 000X for all the
imaged samples. In a typical procedure a sample was mounted onto carbon tape and placed on
the sample stage. The samples were then coated with carbon for pristine MOF samples or
chromium for polymers and MOF/nanofiber composites, for at least 15 minutes. After the
coating, the samples were transferred into the FIB-SEM sample chamber which was maintained
under vacuum for the duration of the analysis. A typical image of pristine MOF powder and
pristine carbons included information about the shapes and sizes of the crystals, whereas that

of the nanofiber material typically showed the fiber diameters and the presence or absence of
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beads. In the composite materials, the FIB-SEM was coupled to an EDX detector in order to

determine the distribution of MOFs on electrospun nanofibers and carbon substrates.

3.3.1.2. Transmission electron microscope (TEM)

The TEM technique works, in principle, similar to the SEM technique in that the imaging is
produced from electron-electron interactions between the sample and the incident electron
beam. In the TEM technique, the electron beam is higher in energy and allows for the imaging
of materials down to the atomic scale. In TEM the interaction of the incident electron beam
and the sample can result in either no scattering, single scattering or multiple scattering or a
combination. The electron beam that experiences no scattering is captured on a fluorescent
screen located beneath the sample and based on the electron density of the sample, a contrasting
image consisting of bright and dark areas is produced. X-rays can also be scattered during the
irradiation and using an EDX detector, elemental analysis such as mapping can be obtained
from the sample [197]. In this study, TEM imaging was carried out on a 200 kV JEOL-Jem
2100 model. Each sample was dispersed in methanol and ultrasonicated for 30 minutes prior
to transferring to the gold sample grid. After drying, the sample was then mounted onto the
TEM stage and the analysis carried out under vacuum. The imaging was also coupled with
EDX mapping and spectra to obtain the chemical composition of MOF/carbon composites and

the distribution of MOF within the carbon substrates.

3.3.2. Spectroscopy

The intrinsic nature of MOFs is the crystallinity and permanent porosity of the MOF and as
mentioned earlier, this study was based on predetermined materials with known structures.
Spectroscopic techniques were used to confirm the chemical compositions of the selected
MOFs and carbon-based materials. It is also widely reported that most MOFs, in particular
UiO-66, can accommodate a large number of defects in their structure and that the post-
synthesis treatment methods such as pelletization at high pressure and heat treatment may also
result in structural and/or chemical changes to the MOF framework. The chemical composition
of UiO-66 and its composites were monitored using Fourier Transform Infrared (FTIR)
spectroscopy for both as-prepared and post-synthesis treated samples. Raman spectroscopy
was further used to analyze the chemical composition of the GF obtained using the CVD

method. Graphene can be obtained in different forms such as single layers or multilayers and
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using Raman spectroscopy it is possible to distinguish between the different structures of
graphene prepared using the CVD method [77,198,199].

3.3.2.1. Fourier transform infrared (FTIR) spectroscopy

Infrared (IR) spectroscopy involves the absorption of infrared light by molecular bonds. The
technique involves exposing a molecule to a wavelength range in the infrared region, and due
to the constant bond vibrations within a molecule, some of the light is absorbed at specific
wavelengths that resonate with the specific bond vibrations in the molecule. There are,
however, certain requirements for a molecule to be IR active and the most important is that the
molecular bond must have a permanent or inducible dipole moment during bond vibration. In
this study, an investigation was carried out on terephthalate-based MOFs UiO-66 and MIL-
101(Cr), containing numerous polar bonds within their structures and thus expected to be IR
active. The polymers used for electrospinning also have a high degree of polarity within their
structures, e.g. the nitrile (-C=N) and ester (-O-C=0-) functional groups in PAN and PMMA
respectively [200]. The IR spectra of the MOF and MOF/polymer composites were measured
on a benchtop Bruker FTIR spectrometer ALPHA 11 in a scanning range of 4000 to 400 cm

at a scan speed of 10 and 24 scans per run.

3.3.2.2. Raman spectroscopy

Raman spectroscopy is a subset of vibrational spectroscopy used to analyze symmetric
vibrations in non-polar molecules. Raman spectroscopy differs to IR spectroscopy in that in
Raman, the interaction of the molecule with light is not based on resonance effects, rather
involves inelastic light scattering where a high-energy incident light beam loses some of its
energy to the molecule and results in the scattering of low-energy light. The chemical
composition of the non-polar molecule gives rise to a fingerprint frequency spectrum resulting
from its Raman interaction with light. Raman spectroscopy has been shown to be very useful
in the analysis of graphene and graphitic carbon forms [198,199,201]. In this study, Raman
spectra of graphene foam (GF) were measured using a Jobin—-Yvon T64000 Raman

spectrograph with a 514.5 nm line Argon (Ar) ion laser.
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3.3.3. Crystallography

The monitoring of the crystalline phases of the selected MOFs was a key factor in this study
for the purposes of investigating the effect of pelletization on the stability of the MOFs and to
elucidate the incorporation of MOFs within electrospun MOF/polymer nanofiber composites.
As the study was based on predetermined MOFs, UiO-66 and MIL-101(Cr) it was most
important to confirm the crystalline phases of as-synthesized MOFs to the those reported in
literature and also monitor any deviations obtained experimentally that may be different to the
structures and crystalline phases reported in literature for the respective MOFs. In this study,
Powder X-ray Diffraction (PXRD) was specifically used since the aim was not to synthesize
single crystals, rather to obtain polycrystalline MOF powders suitable for bulk pelletization
into shaped pellets. The analysis of PXRD patterns was also important for the identification of
MOFs upon their incorporation into electrospun MOF/nanofiber composites by monitoring the
most prominent or characteristic crystalline phases (peaks) when embedded in the polymer
nanofiber matrix. The use of PXRD was further key in monitoring possible changes in
crystalline phases of UiO-66 upon its activation at different temperatures (80 — 320 °C) and
also to monitor the subsequent effects of pelletization on the crystal structures of the different
forms of UiO-66 (hydroxylated and dehydroxylated forms).

3.3.3.1. Powder X-ray Diffraction (PXRD)

Crystalline materials can be described as materials that are made up of an ordered array of
atoms that form repeating units throughout the material’s structure known as crystal planes,
and these in turn constitute a crystal lattice. When an X-ray beam interacts with the crystalline
phases, the X-rays are scattered/reflected in all directions, but at specific angles (©), some X-
rays undergo constructive and destructive interference giving rise to a diffraction pattern as
described by Bragg’s Law (Fig. 3.7 and Eq. 3.1).

NA = 2ASING ..o (3.1

n —an integer

A — the wavelength of the X-ray

d — spacing between crystalline planes

0 — the angle created between the incident X-ray beam and the scatter plane.
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The resultant diffraction pattern gives information about the atomic positions within the
material’s structure which in turn can be built up to determine the crystal structure of the
material in terms of its unit cell [94,202]. PXRD was specifically used for analysis since the
MOF synthesis conditions employed do not promote the formation of single crystals but rather
the formation of a polycrystalline product with varying crystal sizes. The diffraction data was
collected on a Rigaku Ultima IV diffractometer with CBO technology. The X-rays were
generated using a Ni-filtered Cu-K, radiation of 0.154 nm at a voltage and current of 40 kV
and 30 mA respectively. The scanning speed was kept at 2°s™ and sampling width at 10 mm
for all samples. The sample preparation of MOF powder samples involved finely grinding
about 400 mg using an agate mortar and pestle, whereas the nanofiber samples were cut into
sheets so as to fit into the well of the sample holder. The Rigaku Ultima 1V diffractometer uses
a fixed stage instead of a rotating stage allowing for the nanofibers to remain fixed on the

sample holder for the duration of the analysis.
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Figure 3.7: Schematic representation of constructive interference as described by Bragg’s

Law.

3.3.4. Thermal analysis

The response of MOFs to increasing temperature can be used as an indication of its thermal
stability and more importantly in determining the thermal conductivity which is an important
property for hydrogen storage applications. The physisorption process is exothermic,
generating heat as gas molecules occupy the surface of the adsorbent. It is important that the

http://etd Swe.ac.za/



heat generated be sufficiently dissipated in order to maintain the structure of the MOF during
adsorption. This would require the MOF material to have sufficiently high thermal stability
and show good thermal conductivity. In this study, the thermal conductivities and thermal
stabilities were compared between powder and pelletized forms of pristine MOFs to that of the
MOF/carbon composites in order to obtain a possibly optimized sample that would be suitable

for high pressure Hz uptake up to 100 bar.

3.3.4.1. Thermogravimetric analysis (TGA)

The thermal stability of MOFs is an important property that determines the durability of the
MOF upon exposure to increasing temperatures. The organic linkers in MOFs make them
susceptible to thermal decomposition at rather lower temperatures compared to other porous
solids such as zeolites [55]. Thermal stability is therefore an important property to consider
MOFs for H. storage systems. The thermal stabilities of pristine and composite materials were
measured with a thermogravimetric analyzer (TGA) (Mettler, Toledo, TGA/SDTA 851e) and
the TGA-MS profiles obtained using a Discovery series Hi-resTM TGA-MS for the
compositional analysis of gaseous by-products given off during decomposition of UiO-66 in
air. In a typical procedure, a 10 mg sample was heated to 1000 °C at a ramp rate of 10 °C min°
1 under 100 mL.mint air flow. The analysis of the TG plots was done using TA Universal

analysis software in order to extract derivative weight change and heat flow plots.

3.3.4.2. Thermal conductivity

The thermal conductivity of a material is a measure of the degree it can transfer heat through
its structure. In materials with low thermal conductivity, heat transfer occurs at a slow rate
while in materials with high thermal conductivity the rate of heat transfer is high [203]. The
thermal conductivity measurements of pristine MOF, carbon and MOF/carbon composites
were carried out using a C-therm thermal conductivity analyzer with a Modified Transient
Plane Source (MTPS) sensor. The test was done under ambient conditions (~25 °C at
atmospheric pressure) on ~ 2 g powder samples and 5 mm thick x 20 mm diameter pelletized
samples. In a typical procedure, the instrument was first calibrated using a pyrex standard with
a conductivity range of 1.085 to 1.200 W/m.K and effusivity between 1365.9 to 1509.7
Ws¥2/m?.K. An example of the sample placement for powder and pelletized samples is shown
in Fig. 3.8.
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Figure 3.8: Images showing the setup of the C-therm thermal conductivity analyzer and the

mounting of pelletized and powder samples onto the analysis stage.

3.3.5. Gas adsorption

Gas adsorption is an integral tool for the analysis of porous materials because it is widely
accepted that the physisorption of gas molecules increases with decreasing temperature and
increasing pressure. The permanent porosity of MOFs renders their gas adsorptive properties a
key property in the storage of gases such as Hz by the physisorption mechanism. It has been
generally shown that the H, uptake in MOFs is proportional to the BET surface area via the
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Chahine rule and also affected by the MOF density [39][13]. In this study, we employ gas
adsorption methods such nitrogen (N2) adsorption at 77 K and helium (He) pycnometry to
measure the Brunauer-Emmett-Teller (BET) surface areas and densities respectively, for the
pristine MOFs and composite samples.

3.3.5.1. Nitrogen (N2) adsorption

The BET theory considers the adsorption of multilayers of gas molecules onto the adsorbent’s
surface and pore walls. The consideration of multi-layered gas adsorption is especially
applicable where gas molecules may condense onto the adsorbent surface and/or within the
pore walls due to increased intermolecular gas-gas interactions. These conditions are true for
nitrogen gas adsorption at its boiling point (77 K) and increasing pressure. In a typical
procedure, N2 gas is incrementally dosed onto the adsorbent as the pressure increases from a
partial pressure of P/P, = 0 to P/P, = 1, where P-is the gas pressure of N2 and P, its vapour
pressure at 77 K. The amount of adsorbed Ny is calculated, using equation 3.2, as the volume
of N2 taken up or released (desorption) by the adsorbent at standard temperature and pressure
(STP).

- (P‘: — = (ﬁ) + % (Pi) .................................................................... (3.2)

Va—amount of N2 adsorbed at a specified pressure P.
Vm —amount of N> adsorbed when the whole adsorbent surface is covered by a monolayer.
C — constant derived for multilayer adsorption.

The BET surface area is calculated in the linear region of the adsorption isotherm using the
value of Vi and taking into consideration the area occupied by single, closely packed N2
molecules on the adsorbent surface. The derivations and assumptions to the BET theory and

equation are available in literature [118].

In this study, the BET surface area and porosity were measured on a 3-flex Micromeritics
analyser using high purity N2 gas (99.999 %). The BET surface area was calculated between
0 < P/Po < 0.09 and the pore volume calculated at P/P, ~ 0.99 using the non-linear density

functional theory (NLDFT) model. The activation/degassing of samples, prior to each analysis,
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was done under vacuum using a Micromeritics SmartVac at 80, 110, 140, 170, 200, 230, 260,
290, and 320 °C for UiO-66 samples, 200 °C for MIL-101(Cr) and 80 °C for UiO-
66@nanofiber and UiO-66/carbon composite samples.

3.3.5.2. Gravimetric hydrogen (H2) adsorption

Hydrogen storage is the main focus area of this study and in order to determine the H uptake
capacities of the materials of choice, gravimetric H> adsorption isotherms were measured at
cryogenic (77 K) and ambient temperatures (298 K) up to a Hz pressure of 100 bar. Under the
specified conditions, H. exists in gaseous form and as a supercritical fluid above 15 bar at 77
K [14,20] and its adsorption is via the physisorption mechanism. The gravimetric Hz adsorption
technique uses ultra-sensitive microbalances to monitor the change in weight of a sample as H»
is incrementally added to the sample chamber. The measured data gives the excess H» adsorbed

by the adsorbent which is then converted to total or absolute H2 adsorbed using Egn. 3.3.

dyo, xVr
(1+dyz x V)

Or = Opxc +
07 = total hydrogen uptake (wt%)

Oexc = excess hydrogen uptake (wt%)

dnz = density (g-cm™) of compressed H: gas at the relevant temperature and pressure. The H:
densities at 77 K in the 0 - 100 bar range were obtained from the National Institute of Standards
and Technology (NIST) website (Cited from: www.nist.gov, 2019).

V1 = pore volume obtained from N isotherm data.

Using the density of the MOF, the total/absolute gravimetric Hz uptake can be converted in the

total volumetric H. capacity using equation 3.4:

vO71= totalvolumetric uptake (g-L?)

dmor = packing density of MOF material (g-Lt)
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Equation 3.3 is described by the Langmuir model as the measurement conditions employed, 77
K or 298 K and 100 bar, are well above the critical point of Ha. It would, therefore, be expected
that no possible condensation of Hz would occur within the pore walls of the MOF and hence
the maximum total or absolute H> capacity under these conditions would be expected to

describe the amount of H> forming a monolayer surface coverage.

In this study, gravimetric Hz uptake measurements were carried out using a Hiden Isochema
XEMIS intelligent gravimetric analyser (Fig. 3.9). For each measurement, ultra-high purity 6.0
grade H gas (99.9999 %) was used and buoyancy corrections were accounted for by using the
skeletal density of each sample measured using He pycnometry. Prior to the analysis, each
sample was degassed in-situ for at least 3 hours and up to 16 hours depending on the type of
material. During the analysis, the hydrogen adsorbed was first equilibrated prior to recording
the measured amount. The total time for each measurement was pre-set and fixed at ~13 hours
including the desorption isotherm. As shown in Fig. 3.9, during the analysis at 77 K, liquid N2
was added into a 5 litre canister and after 5-6 hours into the analysis, the canister was refilled
in order to maintain the temperature at about 77 K to accommodate the desorption to occur to

completion without a significant drop in the temperature.

Figure 3.9: Images of the Hiden Isochema XEMIS intelligent gravimetric analyzer, after
analysis (left) and during liquid nitrogen refill (right), used to measure H:

adsorption/desorption isotherms up to 100 bar at 77 K.
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3.4. Density measurements

The highly porous nature of MOFs renders that they inherently have low densities in their
pristine powder forms. In general the bulk/packing powder densities of MOFs do not exceed
1.0 g.mL"* and the ultra-high surface area MOFs with pore volumes greater than 1 — 2 cm3.g*
tend to show even lower bulk/packing densities. As previously discussed in chapter 2, one of
the strategies most commonly used for improving the packing density of MOFs has been the
pelletization of MOF powders into pellets. It is also important to note that the use of the packing
density alone for the calculation of the total volumetric H> capacity from gravimetric Hz uptake
data is not yet universally accepted as a standard format as some authors have reported the use
of both skeletal and crystal densities of MOFs in their calculations. In this study, particular
interest was on the work of Ahmed et al. [2] who developed an equation for the conversion of
gravimetric Hz uptake data into volumetric Hz capacities which involves the use of the skeletal
and crystal MOF density (Egn. 3.5) [2].

Dcrys
Ny = Derysfex + Pgas(1 — psz T (3.5)

ny = total volumetric H; capacity (g-L?)

Perys = single crystal density for UiO-66 (1.24 g-cm™ as reported by Goldsmith et al. [100]).
Nex = Measured excess Hz adsorption (g-kg™).

Pgas = bulk density of H, gas at a given pressure (g-dm) obtainable from the NIST website
(Cited from: www.nist.gov, 2019).

psk = skeletal density of the MOF (g-cm®)

The study, therefore, also compares the volumetric H> capacity values obtainable using Eqn.

3.4 and 3.5 and the results are given in chapter 4.

3.4.1. Packing density

In this study, the packing densities for powder samples was measured using finely ground
samples packed (20 — 30 taps) into a container (pycnometer sample holder) with a fixed volume
of 1 mL. The difference between the weight of the empty container and the packed container

was recorded as the packing density of the powder. For the pelletized MOF samples, the
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thickness of each pellet was measured using a digital calliper (Fig. 3.10) and the packing
density calculated using the volume of the pellet (nr? x thickness). All packing density
calculations were measured on activated/degassed samples and each measurement was

repeated three times.

dmor — Packing density of the MOF (gmL™)
m — mass of MOF pellet (g)

r — radius of the pellet (cm)

h — thickness of the pellet (cm)

and Ui0O-66 (right) used to calculate their packing densities.

3.4.2. Helium pycnometry for density measurements

The density measurements were done to determine the skeletal densities for the pristine MOFs
and MOF/carbon composites, an important property for MOFs in H; storage applications. The
skeletal density has been shown to have a significant influence on gravimetric Hz isotherms,
especially at high pressure as low skeletal densities tend to give inflated excess H2 uptake
measurements [11]. The skeletal density has also been used to calculate the volumetric H»
capacity from gravimetric H uptake data [2]. It is therefore imperative that the skeletal density
be measured as accurately as possible to its true value. In this study, helium (He) pycnometry
was employed at standard temperature and pressure using an automated Micromeritics
AccuPyc 11 1340 model (Fig. 3.10). Inatypical procedure, a sample of about ~0.3g was loaded

onto a sample holder with fixed volume (1 cm®) and 5 cycles of He gas introduced and vented
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as described in the Micromeritics user guide to give 5 measurements of the sample volume,
and the average volume used to calculate the skeletal density. According to the ASTM D3766
standard, the powder skeletal density is described as the ratio of the mass of the solid to the
sum of the solid volume and volume of closed pores.
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Figure 3.11: Image of the Micromeritics AccuPyc I 1340 helium pycnometer used to measure
the skeletal densities of pristine MOFs and MOF composites.
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Figure 3.12: Schematic representation of the cross-section of a typical automatic helium
pycnometer used for fixed sample cell sizes.
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3.5. Chapter summary

This chapter demonstrated the various types of methods used for the synthesis of pristine UiO-
66 and MIL-101(Cr) powders using predetermined synthesis conditions. The shaping of the
MOF powders was done using two techniques, namely: electrospinning and pelletization. The
electrospinning strategy involved single-nozzle electrospinning which allowed for the
electrospinning of a single polymer solution/emulsion to obtain nanofibers, and a coaxial
electrospinning strategy which allowed for the electrospinning of two different types of
polymer solutions/emulsions in order to produce core-shell nanofibers. The single-nozzle
electrospinning strategy was particularly used to optimize the electrospinning process
parameters and establish conditions, such as the concentration of the polymer; magnitude of
the voltage; and distance of the collector from the needle tip, which would also be applicable
in the coaxial electrospinning strategy. The pelletization method was utilized on both pristine
MOFs (UiO-66 and MIL-101(Cr), without the use of binders, and also UiO-66 with nanofibers
as binders. The UiO-66 was more suitable for pelletization with binders compared to MIL-
101(Cr) as it could be synthesized in bulk from a single batch, whereas only small yields of
MIL-101(Cr) could be obtained from the multi-batch system used in this study. The
characterization of the materials was mainly based on the analysis of the structure of the
materials (crystallinity, morphology, chemical composition, and stability) and their gas
adsorption properties (N2, Hz, and He) giving information about the surface areas, pore

volumes, H> capacities, and density of the selected materials.
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Chapter 4

4. Synthesis and fabrication of powdered UiO-66 and MIL-101 into pellets for H>
storage applications

This chapter covers the study of pre-existing synthesis conditions for UiO-66 and MIL-101(Cr)
in which the textural properties (surface area and pore volume) could be tailored to achieve
desired H> uptake capacities up to 100 bar. The BET surface areas of MOFs have been shown
to be related to cryogenic H» adsorption (typically at 77 K) by the Chahine rule, which states
that for every 500 m>g, the excess H, uptake in MOFs increases by 1 wt% [204]. The chapter
will first cover the solvothermal synthesis of the selected MOFs and the post-synthesis
conditions that would give the highest possible BET surface areas and pore volumes. The study
on the best performing MOF samples selected for high pressure H> uptake measurements will
be presented. The chapter further reports on the effect of pelletization of best-performing MOF
samples at ~700 MPa, sufficiently higher than most applied pressures reported for MOFs
[48,105,155,205]. The pelletization strategy was proposed to improve handling and shape
functionality of MOF materials and, most importantly, exploit the possible improvement of the
intrinsically low packing densities typical of MOFs. The packing density of MOFs has been
shown to have a strong correlation to the volumetric H, capacity of the MOF. Balderas-
Xicohténcatl and co-workers developed a mathematical model similar to the Chahine rule
which relates the packing density of the MOF to its volumetric surface area via the “hydrogen
surface density” (1.9 x 102 mgmL*) and their findings were further shown to be applicable to
pelletized MOFs [48,105,155,205]. From the results presented in this chapter, the effect of
pelletization of hydroxylated UiO-66 at ~700 MPa was published and available online on 12
November 2018, which was followed by the publication of the first experimental demonstration

of the dynamic temperature-dependent behaviour of UiO-66, which is currently under review.

This chapter is divided into four main sections discussing the optimization of the textural
properties of MIL-101(Cr) powder (section 4.1), pelletization of MIL-101(Cr) and its gas (N2
and H) adsorption behaviour at 77 K(section 4.2), optimization of the textural properties of
Ui0-66 (section 4.3), and pelletization of UiO-66 and its gas (N2 and H) adsorption behaviour
at 77 K (section 4.4.). In each section there are three sub-sections discussing the
characterisation of the MOF samples according to their electron microscopy imaging, analysis

of crystallographic, spectroscopic, and thermal properties.
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4.1. Optimization of textural properties in MIL-101(Cr) powder samples.

MIL-101(Cr) crystal growth was achieved using the method described in Chapter 3 (section
3.2.2). Due to the low yields obtained in the 150 mL reactor (autoclave) that was available in
the laboratory, a multiple batch procedure was used to obtain sufficient amounts for
characterization and gas adsorption analyses. Three MIL-101(Cr) batches were synthesized
successfully from screening experiments using the conditions described in section 3.2.2 and

their properties are compared from section 4.1.1 to 4.1.4 (figures 4.1 to 4.5 and Table 4.1).

4.1.1. Electron microscopy of MIL-101(Cr) samples

Figure 4.1: Morphology of MIL-101(Cr) samples: (a) SEM image of batch 1; (b) TEM image
of batch 1; (c) SEM image of batch 2; and (d) SEM image of batch 3. All SEM insert images

were obtained at 30 000 X magnification.
As it can be seen in SEM and TEM images (Fig. 4.1), the crystal sizes and shapes, amongst

three batches successfully synthesized, showed the bulk polycrystalline material consisted of
octahedral shapes with sizes ranging from 200 ~ 400 nm. To a lesser extent, elongated and
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large multifaceted crystals could be observed particularly in batch 2, which may be due to

unreacted terephthalic acid crystals or other impurities.

4.1.2. Thermal analysis of MIL-101(Cr) after post-synthesis treatment
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Figure 4.2: Thermal decomposition of a typical as-synthesized MIL-101(Cr) sample (batch 1)
in comparison to a MIL-101(Cr) sample -obtained after post-synthesis heat
activation/degassing at 200 °C. The TG curves show the change in sample weight with

increasing temperature under an air flow of 100 mL'min and a heating rate of 10 °C'min™.

In Fig. 4.2, the derivative TG curve revealed decomposition steps at ~100 °C and 200 °C which
could be attributed to adsorbed water and DMF or H20 solvent molecules entrapped within the
MIL-101(Cr) pores during the washing step. There are high chances of MOF pores to be
occupied by guest molecules post-synthesis, and this is most likely to be solvent molecules
used during the synthesis or washing stages [94,206]. The guest molecules can be evacuated
by heating under vacuum (activation/degassing) or by the use of solvent exchange prior to
degassing, or the use of supercritical CO> in extreme cases [94]. Due to the mesoporous and
non-elastic pore structure of MIL-101(Cr), solvent exchange using acetone and subsequent
degassing at 200 °C for 16 hours was found to significantly remove guest molecules. At
temperatures higher than 200 °C, it was shown that MIL-101(Cr) was stable up to ~350 °C
upon heating in air at 10 °C'min! and a solid residue remained at 1000 °C (~20 wt%). The peak
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decomposition step at 350 °C could be attributed to framework collapse from the
thermoxidation of terephthalate linkers into CO2 and H20, assuming complete combustion, and
leaving behind solid chromium (I11) oxide (Cr203) which has a high melting point beyond 1000
0,

C.

4.1.3. Crystallography and spectroscopic analysis of MIL-101(Cr)
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Figure 4.3: A comparison of the crystal structure and chemical composition of MIL-101(Cr)
batches obtained under solvothermal conditions and post-synthesis heat activation/degassing
at 200 °C: (a) PXRD patterns of finely ground MIL-101(Cr) powder and (b) FTIR spectra
obtained in batch 1 (green), batch 2 (lime), and batch 3 (yellow).

The PXRD patterns and FTIR spectra in Fig. 4.3, showed little evidence of unreacted
terephthalic acid (H2BDC) as its characteristic high intensity Bragg peaks (26 ~17°, 25° and
27°) and —OH stretch bands around 3300 cm™ (H-bonded hydroxyls) were not prominent
[88][89]. Both the PXRD and FTIR results in Fig. 4.3 showed consistent peak positions and
vibrational band positions, respectively in each of the different batches, thereby suggesting the
crystal geometry and chemical composition were consistent amongst the three batches. It was,

however, noticeable that the relative peak intensities at Bragg peak ca. 5°, 7°, and 9° became
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reduced from batch 1-3. The observed changes could be caused by the possible
appearance/disappearance of certain phases attributed to the aforementioned Bragg peaks via
crystal-to-crystal transformations (e.g. metamorphism), which are typically observed during
the synthesis of MOF crystals that can exist in different structural forms.

As the presence of unreacted terephthalic acid could not be justified based on the PXRD and
FTIR data, another possibility for the appearance of needle-shaped crystals in the MIL-101(Cr)
batches as shown in Fig 4.1 could have been the presence of MIL-53(Cr). It is well documented
in literature that the chromium terephthalate MOF can exist in two polymorphs, MIL-101(Cr)
as being the kinetic product, and MIL-53(Cr) as the thermodynamic product [90,207]. The
synthesis time has been shown to be the major factor during the synthesis and as such, MIL-
53(Cr) crystals are formed over longer synthesis times of about days to weeks compared to
MIL-101(Cr) crystals which form over periods of hours from the start of the reaction. The acid
modulator promotes a faster crystal growth rate, prompting the possibility that a small amount
of MIL-53(Cr) crystals might form during an 8 hour acid-modulated synthesis [147]. Another
possibility could be the formation of MIL-53(Cr) crystals via seeded crystal growth, given that
MIL-101(Cr) crystals are present in solution at the start of the reaction. Indeed, due to the batch
system utilized in this study, it was more likely that seeded growth might precede the growth
of new crystals from solution since only one Teflon liner was used in the reactor for MIL-
101(Cr) synthesis. The difficulty to remove solid MIL-101(Cr) from the walls of the Teflon
liner could provide MIL-101(Cr) seed crystals for subsequent syntheses and could lead to seed-
mediated crystal growth of MIL-53(Cr).

The consequence of having a mixture of MIL-101(Cr) and MIL-53(Cr) could have implications
in the gas adsorption properties of the as-synthesised material. The two MOFs exhibit
significantly different gas adsorption behaviour and textural properties (internal surface area
and pore volume). The MIL-53(Cr) typically shows lower BET surface areas and pore volumes
(~ 1000 m*>g™t and 0.5 cm*g?, respectively), compared to MIL-101(Cr) (~ 2000 — 4000 m?g*
and ~ 2 — 4 cm®gh). MIL-53(Cr) N adsorption isotherms are typically Type | isotherms
representing a highly microporous crystal structure, whereas MIL-101(Cr) crystals exhibit
more of Type IV N, adsorption isotherms which signifies a more mesoporous structure. In a
mixture of the two, the presence of significant amounts of MIL-53(Cr) would reduce the BET

surface area compared to pristine MIL-101(Cr), as it pertains to the law of mixtures [147,135].
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4.1.4. Textural characterization of MIL-101(Cr) obtained from acid-modulated

solvothermal synthesis conditions.

In Fig. 4.4, the adsorption isotherms for the MIL-101(Cr) samples prepared in this study
showed full reversibility as both adsorption and desorption curves were observed to overlap.
The shape of each of the isotherms was typical for Type IV adsorption curves showing
monolayer capacities (saturation) at partial pressures (p/po) greater than 0.01, and also
indicating the possible presence of a significant amount of mesopores within the adsorbent.
There was also a near-vertical hysteresis loop observed for batch 1, extending from p/p, 1.0 to
0.9 which typically represents a type H3 loop configuration in highly mesoporous materials,
and the H3 configuration does not show any limiting adsorption at p/po = 1.0, as observed in
Fig. 4.4 [118,121]. The higher N adsorption observed for batch 1 compared to batches 2 and
3 could be a strong indication of a significant presence of MIL-53(Cr) co-crystals in batches 2
and 3 compared to batch 1, as a result of the possible seed-mediated crystal growth in batches
2 and 3. The absence of the H3 configured hysteresis loop in batches 2 and 3 could have further

indicated their degree of mesoporosity was relatively small in comparison to batch 1.
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Figure 4.4: N2 adsorption and desorption isotherms at 77 K for MIL-101(Cr) batches prepared
under acid-modulated solvothermal conditions. The open symbols show the desopriton curve

of the samples at 77 K.

It was further evident in Fig. 4.5 that the pore size distribution curves (fig. 4.5) showed a greater

incremental pore volume in the mesopore region (20 A < pore <500 A) for each sample. This
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result was in support of the Type IV adsorption isotherms observed for the MIL-101(Cr)
samples. There were significant pore sizes at ~6, 7.5, 12, 21, and 29 A, which were consistent
in all three batches of the prepared MIL-101(Cr) samples. The observed pore sizes compared
well to those reported in literature, attributed to the free spaces inside the supertetrahedra (~8.6
A), pentagonal windows (12 A), hexagonal windows (14 A by 16 A), and two mesoporous
cages at 29 A and 34 A. In literature, the optimum pore structure of MIL-101(Cr) typically
consists of a cubic, zeolite-like super lattice crystal structure which can have Langmuir and
BET surface areas around 6000 and 4000 m?g-1, respectively [85,208]. In Table 4.1, it can be
seen that a BET surface area of 3300 m?g™ was the highest obtained in this study, and BET
surface areas of about 2000 m?g™* were obtained for both batches 2 and 3. As it can be seen in
Table 4.1, the micropore surface area and micropore volume of batch 1 made up ~15% and
~8% of the total BET surface area and total pore volume, respectively, and thus could be a
clear indication that mesopores were the larger constituent of the MIL-101(Cr) internal
structure. The micropore textural properties to the bulk textural properties, in batches 2 and 3,
were higher at 20 and 30% micropore surface area, respectively (19 and 23% micropore
volumes, respectively). The increased microporosity further could show evidence for the co-
crystallization of the more microporous MIL-53(Cr) in batch 2 and 3 during the synthesis, as

discussed earlier.
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0.20 4 —— MIL-101(Cr) batch 2
[ —*— MIL-101(Cr) batch 3

0.15 A

0.10 -

3 -
Incremental pore volume (cm™.g )

0.05 A

\\\\I\\\\: F\-\
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

0.00

Pore size (Angstrom)
Figure 4.5: Pore size distribution (PSD) curves MIL-101(Cr) (batch 1 — 3) after post-synthesis
activation/degassing at 200 °C for 8 hours. The PSD curves were deteremined from N>

adsorption/desorption isotherms at 77 K using the NLDFT model.
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Table 4.1: Summary of the BET report obtained for MIL-101(Cr) samples (batch 1 — 3).

Isotherm property MIL-101(Cr) sample
Batch 1 Batch 2 Batch 3
BET surface area (m?g?)?2 3343 (503, | 2049 (610, | 1974 (723,
15%) 28%) 37%)

NLDFT pore volume (cm3g1)P 2.00 1.04 0.99

(0.15,8%) | (0.20,19%) | (0.23, 23%)
Slope (gcm™3, STP) 0.001280 0.0021 0.002172
Y-intercept (gcm3, STP) 0.000022 0.000034 0.000034
Qm (cm3g?, STP) 768 471 453
Correlation coefficient 0.9997 0.9997 0.9996

3values in parentheses are given for the t-plot micropore surface area; Pvalues in parentheses are given for the t-

plot micropore volume.

The MIL-101(Cr) with the highest BET surface area and pore volume was clearly obtained in
batch 1, however, it could not be assumed to be representative of the optimum crystal structure
of MIL-101(Cr) as reported in literature. Due to the absence of the pore size at 34 A and also
the absence of crystalline phases expected at Bragg angles (20) 3% and 4°, it could be assumed
that the experimental synthesis procedure used in this study may not have prepared a MIL-
101(Cr) product with an ideal MIL-101(Cr) unit cell as described in literature [208]. The BET
surface area of 3300 m?g, however, was sufficiently of high interest to analyze the H uptake
capacities in powder and pelletized MIL-101(Cr).

4.2. Pelletization of MIL-101(Cr) at ~700 MPa

In this section, the MIL-101(Cr) samples with the highest surface areas and pore volumes
(batch 1) were selected for pelletization and high pressure hydrogen adsorption studies. The
MOFs were subjected to a maximum applied pressure of 9 metric tonnes (equivalent to 665
MPa or ~700 MPa/100 000 psi in a 13 mm diameter die) in order to obtain highly densified
MOF pellets with high packing densities. The effect of the pelletization on the structural
stability of the MOFs was investigated by PXRD where the crystalline phases and peak
positions were monitored for any significant changes upon compaction of the MOF powder

samples.
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4.2.1. Cryogenic N2 adsorption/desorption isotherms for powdered and pelletized
MIL-101(Cr)

In Fig. 4.6 the PXRD patterns comparing the MIL-101(Cr) powder sample to the pellet at 150
MPa showed that the peak positions shifted slightly towards lower 20 angles as indicated by
the vertical lines. The peaks remained aligned between 150 and 440 MPa and more peak
shifts could be observed at 590 and 665 MPa. The comparison between the peak positions
observed at 665 MPa and the powder sample showed very significant shifting towards lower
20 angles for the pelletized samples. In the literature of nanostructured crystalline materials,
the observations on PXRD peak shifting is typically encountered whenever there are stress
and/or strain constraints introduced within a unit cell of the crystalline material [104]. Indeed
it is reported in literature [61,135], that the MIL-101(Cr) crystals and topologies tend to show
significant responsiveness towards applied pressure, such that anisotropic changes may occur

in the unit cell upon application of sufficiently high pressures.
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Figure 4.6: Crystallographic structural analysis of MIL-101 pelletized at increasing pressure:
PXRD patterns for MIL-101(Cr) for powder and compacted samples (from batch 1). The plot
on the right is an expansion of the region highlighted in the red box on the left plot.

The structural changes in MOFs under pressure have been reported at even lower pressures
compared to the pressures applied in this study and include pore widening within the MIL-
101(Cr) framework and at higher pressures, the framework may collapse resulting in a
completely amorphous and non-porous powder [38].
reported literature that stress and strain introduced during the pelletization of MIL-101(Cr)

could have a significant effect on the stability of its framework (unit cell) in terms of changing
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the pore geometry or topology. The shifting of PXRD peak positions could be an indication of
high stress and/or strain introduced into the MIL-101(Cr) framework upon pelletizing at
pressures above 150 MPa. The majority of MOFs, with rigid and non-elastic pore structures,
have been shown to exhibit mechanical strength with bulk moduli generally exceeding that of
porous inorganic solids such as zeolites [70,161,204]. The shear modulus, on the other hand,
compares significantly lower to the bulk modulus, making MOFs susceptible to shear
deformations at sufficiently high pressures. A typical response and indication towards
deformations in the pore structure of MIL-101(Cr) is typically signified in the measurement of
reduced BET surface areas in MIL-101(Cr) pellets compared to their powder counterparts
[135]. In Fig. 4.7 the N2 adsorption/desorption isotherm for the MIL-101(Cr) pellet showed
full reversibility and retained the Type IV isotherm as observed in the MIL-101(Cr) powder.
The hysteresis loop, however, changed from Type H3 configuration to the Type H4
configuration which is generally characterized by a larger loop (p/po 1.0 to p/po 0.7). The BET
monolayer capacity (Qm) was also lower for the MIL-101(Cr) pellet compared to the powder
and evidently showed a reduction-in the BET surface area (Table 4.1.2) upon pelletization of
MIL-101(Cr) powder at ~700 MPa. The difference in hysteresis loops may have indicated a
possible change in the pores of the MIL-101 structure as it was observed that the micropore
volume of MIL-101(Cr) was significantly reduced upon pelletization at 700 MPa. Changes in
pore structure could possibly introduce an ink-bottle effect between adjacent pores or,
alternatively, the hysteresis may have been due to the restrictions in the diffusion of gas
molecules during desorption from the highly densified or aggregated MIL-101(Cr) crystals in
the pellet compared to MIL-101(Cr) crystals in the powder [51]. As described in the IUPAC
technical report on adsorption of gases [39], both the ink-bottle effect and aggregated crystals
are described to possibly result in Type H4 hysteresis loops, as observed in Fig. 4.7.
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Figure 4.7: Cryogenic gas adsorption behaviour of MIL-101(Cr) before and after pelletization
at 700 MPa: N2 adsorption and desorption isotherms at 77 K for powdered and pelletized MIL-
101(Cr) (batch 1). The MIL-101(Cr) samples were activated/degassed at 200 °C under vacuum

for 16 hours prior to each measurement.

In Table 4.2, it was evident that the MIL-101(Cr) pellet showed a significant decrease in the
micropore surface area being 8% of the total BET surface area (15% in MIL-101(Cr) powder)
and a micropore volume 4% of the total pore volume (8% in MIL-101(Cr) powder). The results
suggested a sensitive micropore structure in MIL-101(Cr) that may be compromised upon
pelletization. As expected, the packing density of the MIL-101(Cr) pellet increased
significantly compared to MIL-101(Cr) powder, from ~0.20 to ~1.10 g.cm. The Hz uptake of
powdered and pellet MIL-101(Cr) could be expected to resemble the trends in BET surface
area, porosity and packing density as these properties have been shown to have a direct impact
on the Ha uptake via the Chahine rule and “H> surface density” [50].
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Figure 4.8: Pore size distribution curves for powdered and pelletized MIL-101(Cr).

Table 4.2: Summary of the BET report obtained for powdered and pelletized MIL-101(Cr).

Isotherm property MIL-101(Cr) sample
Powder Pellet
BET surface area (m?g*)?2 3343 (503) 2661 (219)
NLDFT pore volume (cmég™)P 2.00 (0.15) 1.43 (0.06)
Slope (gcm™3, STP) 0.001280 0.001613
Y-intercept (gcm=, STP) 0.000022 0.000023
Qm (cm3gL, STP) 768 611
Correlation coefficient 0.9997 0.9998
Packing density (g.cm)° 0.19 +0.02 1.17 £0.04
VVolumetric surface area (m?cm-=)d 635 3113

dvalues in parentheses are given for the t-plot micropore surface area; ®values in parentheses are given for the t-plot micropore volume.

“Calculated from experimental measurements using eqn. 3.6 in chapter 3 (section 3.5.1). “calculated by multiplying the packing density and

the BET surface area [50].
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4.2.2. Hy adsorption/desorption isotherms for powdered and pelletized MIL-
101(Cr) at 77 K up to 100 bar

This section reports on the gravimetric and volumetric H> capacities for powder and pelletized
MIL-101(Cr). The Hz isotherms were measured at 77 K and pressures up to 100 bar, correcting
for buoyancy effects using skeletal density values from He pycnometry measurements. The
working capacity, described as the difference between the amount of H, adsorbed at 100 bar
(10 MPa) to that desorbed at 5 bar (0.5 MPa) [151], will be reported for both powder and pellet
forms. Due to the measurements being conducted up to 100 bar, a prolonged period (> 10
hours) was required to conduct both adsorption and desorption in each measurement run.
Therefore, it was possible that some plots did not show full reversibility in the desorption
isotherms for H adsorption measurements, though all samples would be expected to exhibit
full reversibility. At times the temperature was well above 77 K at the end of the measurement
run, as observed later in Fig. 4.24 for the UiO-66 powder sample, noting that the adsorption
isotherm was conveniently recorded at 77 K, with the rise in temperature only occurring during
the measurement of desorption as the sample was left to run overnight without sufficient levels
of liquid nitrogen remaining in the canister. When the temperature was maintained at 77 K, the
plots showed full reversibility for Hz adsorption and desorption isotherms as it was observed
in Fig. 4.9 and later in Fig. 4.19 and Fig. 4.28. The following results are based on the
adsorption/desorption isotherms of powder and pelletized MIL-101(Cr).

http://etd Hwc.ac.zal



4.2.2.1. Gravimetric H capacity of powdered and pelletized MIL-101(Cr)

11 4 d A& MIL-101 powder (excess)
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Figure 4.9: H» uptake for powder and pelletized MIL-101(Cr) measured at 77 K and pressures
up to 100 bar. The closed symbols represent the adsorption Hz isotherms and the open symbols

represent the desorption Hy isotherms.

It can be seen in Fig. 4.9 and Table 4.3 that the excess gravimetric H, uptake decreased by 29%
after pelletization of MIL-101(Cr) at ~700 MPa. The results showed a strong correlation to the
effect of pelletization on BET surface area and pore volume as shown in Fig. 4.7, Fig. 4.8 and
Table 4.2. Based on the measured BET surface areas for both powder and pelletized MIL-
101(Cr) (Table 4.3), the Chahine rule would estimate excess H. uptake values of ~6.7 and 5.4
wit% respectively.

The measured H: uptake in this study were about 18% (MIL-101(Cr) powder) and 28% (MIL-
101(Cr) pellet) less than the estimated values. A contributing factor could be the synthesis of
non-uniform polycrystallites of MIL-101(Cr) (Fig. 4.1) which could possibly show variations
in the textural properties of individual crystals. Consequently the absence of the pore size at
~34 A, as a result of pore blocking by strongly adsorbed solvent molecules, and the possible
presence of MIL-53(Cr) crystals could result in excess Hz uptake values that deviated from
predicted values using the Chahine rule [209]. In Table 4.3, it can be seen that of the 11.4 and
7.8 wt% absolute/total gravimetric H> uptake, ~70% and 63% (for the powder and pellet,
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respectively) was available as working capacity. This showed a further compromise of the H»

adsorption properties of MIL-101(Cr) after pelletization.

Table 4.3: Summary of the excess and total/absolute gravimetric H, uptake obtained for

powdered and pelletized MIL-101(Cr) at 5 and 100 bar at 77 K.

Sample Maximum excess Total/absolute gravimetric| Working
Uptake (wt%o) H2 uptake (Wt%o)P capacity®
Experimental| Estimate? 5 bar 100 bar
MIL-101(Cr) powder 5.5 6.7 3.5 114 7.9
MIL-101(Cr) pellet 3.9 5.4 2.9 7.8 4.9

3Estimates based on the Chahine rule [209].°Calculated using eqn. 3.3 in chapter 3 (section 3.4.5.2). °Difference between the total H, uptake

at 100 bar (adsorption) and 5 bar (desorption).

4.2.2.2. Volumetric H» capacity of powdered and pelletized MI1L-101(Cr)
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Figure 4.10: Total volumetric H2 capacity for powdered and pelletized MIL-101(Cr) obtained
at 77 K and pressures up to 100 bar. The closed symbols represent adsorption Hz isotherms

and open symbols represent the desorption Hz isotherms.

There was a drastic increase in the volumetric H» capacity, as shown in Fig. 4.10, due to the

improved packing density in pelletized MIL-101(Cr) compared to the powder. The volumetric
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Ho> capacity of an “empty” H2 cylinder (containing no adsorbent material) was shown to exceed
that of the MIL-101(Cr) powder at pressures above 50 bar with almost double the working
capacity between 100 bar and 5 bar (fig. 4.10). This observation could be a reflection on the
inefficiency in packing powdered MOFs for H» storage compared to densified shaped forms.
It is still a controversial topic on whether to use crystal density or packing densities of MOFs
for volumetric H capacity calculations but in this study, it was believed that due to the low
practicality of packing single crystal MOF materials in cylinders, the powder packing/bulk
density could possibly give more realistic and application-specific results. In Fig. 4.10 it was
evident that the volumetric H> capacity of pelletized MIL-101(Cr) far exceeded that of the
powder as well as that of a pressurized Ha cylinder. The working capacity of the pellet was
close to double that of a pressurized H. cylinder and almost four times compared to the powder,
and remained 63% of the total volumetric H> capacity in the pellet. The results further
substantiate the use of the pelletization fabrication strategy to improve volumetric H capacities
in MOFs, however, the observed reductions in BET surface area, pore volume, and gravimetric
H> uptake may not be desirable for system applications. Indeed it is well-documented that the
system application of MOF-based H» storage materials is preferred for stable MOFs under

system conditions and with reasonably high gravimetric and volumetric Hz capacities.

Table 4.4: Summary of the total volumetric Hz capacity and working capacity for MIL-101(Cr)

(powder and pellet) and within a pressurized H» cylinder.

Sample Total volumetric H2 capacity (g.L™1) Working

Experimental® | Estimate®

MIL-101(Cr) powder 7 11 12 22 15
MIL-101(Cr) pellet 34 53 59 91 57
Empty H2 cylinder 2 - - 31 29

2Calculated using eqn. 3.4. °Calculated using the volumetric surface area (Table 4.2) and the “volumetric H, density” as recommended in ref

[50].°Difference between the total H, uptake at 100 bar (adsorption) and 5 bar (desorption).

In the following section, the study investigates the effects of pelletization of the zirconium-

based MOF, UiO-66, on its textural properties and H uptake.
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4.3. Optimization of textural properties in UiO-66 powder samples

In this section, the optimization of UiO-66 was slightly different to the optimization approach
used for MIL-101(Cr). UiO-66 crystal growth does not necessarily require high pressure
conditions to obtain well-defined crystal properties and can be synthesized using a reflux setup
instead of an autoclave. This allowed the experiments to be carried out in relatively larger
yields than MIL-101(Cr). The post-synthesis treatment of UiO-66 was a major interest as it has
been shown that UiO-66 can exist in two forms, namely the hydroxylated and dehydroxylated
forms. The hydroxylated and dehydroxylated forms have been reported to show different gas
adsorption behaviour as shown in studies for CO> capture and H storage. The dehydroxylated
form generally shows reduced gas uptake capacities compared to the hydroxylated form and
the conversion between the two forms is found to occur under thermal treatment conditions in
the temperature range 100 — 300°C [107,160Q]. In this study, the investigation of post-synthesis
heat treatment is a key factor in obtaining Ui0-66 crystals with optimum textural properties

under the specified synthesis conditions.

4.3.1. Electron microscopy of UiO-66 powder

The morphology of the UiO-66 crystals obtained in this study show typical octahedral shapes
as reported in literature (Fig. 4.11).

NI RN LY

Figure 4.11: Morphological analysis of UiO-66 after post-synthesis activation at 80 °C for 32
hours: TEM images showing the morphology of UiO-66 crystals at different magnification: (a)
10 000x; (b) 20 000x; and (c) 30 000x.
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4.3.2. Crystallography of UiO-66 powder activated at low temperatures (80 °C)

The crystal structure of UiO-66 has been well studied as having a cubic unit cell with typical
major peak positions at 20 angles of ~ 8, 9, and 25°. The PXRD patterns in Fig. 4.12 showed
intense peaks at the theoretical peak positions of 6, 8, and 25° and the diffraction pattern from
20 ~3 to 90° matched most of the proposed CIF structures for UiO-66 synthesized under
solvothermal conditions. The presence of a peak at 26 ~ 6° typically resembles crystals with a
symmetry forbidden phase (1 1 0) which may result from defects in the crystals (Shearer et al.,
2016)[210]. Indeed UiO-66 is notorious for its extensively high level of tolerance towards
structural defects with the crystal structure collapsing. Many studies have reported on stable
UiO-66 defective structures with either missing terephthalate linkers or missing zirconia nodes
as the defect sites in the structure [67,68,108,190].

Intensity (a.u.)

5 10 15 20 25 30 35 40 45 50 55 60
2-Theta (deq.)

Figure 4.12: PXRD pattern of UiO-66 powder after solvent exchange with acetone followed
by heat activation at 80 °C for 32 hours.

The UiO-66 crystals have been generally shown to contain defects (missing linkers) under acid-

modulated and solvothermal crystal growth conditions similar to this study [211].
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4.3.2. Thermal decomposition and post-synthesis activation of UiO-66:
Experimental demonstration of dynamic temperature-dependent behaviour

4.3.2.1. Thermal and chemical analysis of UiO-66 during post-synthesis
activation

In Fig. 4.13 the thermal decomposition of UiO-66 was investigated by TG analysis, showing
UiO-66 to be stable up to at least 500 °C. The remarkable thermal stability could be attributed
to the high connectivity of the Zr-O bonding in UiO-66 nodes which can be made up of
Zrs04(OH)4 in the hydroxylated form or ZreOs in the dehydroxylated form. The derivative
curves in Fig. 4.13 showed the temperatures at which peak decomposition occurred as the
temperature increased up to 1000 °C. There were three peaks observed at ~150, 250, and 500
°C for both the UiO-66 sample activated by solvent exchange with acetone and degassed at 80
°C prior to analysis. Upon degassing at higher temperatures, 200 and 290 °C, the two peaks at
150 and 250 °C were no longer observable, indicating the possibility for the removal of labile
or weakly bound molecules from the UiO-66 structure. It is common in MOFs that guest
molecules such as gases or solvent molecules can remain within the pores of the MOF after the

synthesis.

100 -4
= |i0-66@ 80°C
----- Derivative curve

90 -
= UiO-66@ 200°C
----- Derivative curve
—UiO-66@ 290°C
----- Derivative curve
> UiO-66 (Acetone wash)
Derivative curve

[o]
o
Il

70 |

60 -

Weight change (% or %/°C)

::::::

100 200 300 400 500 600 700 800 900 1000

Termperature (°C)
Figure 4.13: TGA curves showing the thermal decomposition of as-synthesised UiO-66 and
after post-synthesis activation: degassed at 80°C (black); degassed at 200°C (purple);
degassed at 290°C (blue); and solvent exchange with acetone (yellow).
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In Fig. 4.14, mass spectrometer (MS) signals were coupled to the TG curves in order to identify
the composition of the gas by-products during the decomposition of UiO-66. The most
prominent m/z signals were m/z = 18, indicative of H.O, and m/z = 44 typical for the presence
of CO.. The m/z = 18 and m/z = 44 signals both peak at ~150 and 500 °C with the m/z = 18
signal showing a broad peak from ~150 to 300 °C and a small m/z = 44 peak at ~150 °C. The
derivative weight loss peaks observed up to 100 °C were accompanied by a significant m/z =
18 peak and indicated the presence of moisture on the surface of the sample. The thermal
events observed above 100 °C could be considered as resulting from the decomposition of the

UiO-66 structure or due to other contaminants other than moisture.

— UiO-66 derivative curve (as-synthesised)
UiO-66 derivative curve (after Acetone wash)

— m/z 44 MS signal

—— m/z 18 MS-signal

Weight (%/°C) or ion current (mA)

100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Figure 4.14: Thermal decomposition of as-synthesized UiO-66 in comparison to UiO-66
obtained after solvent exchange with acetone followed by heat treatment at 80 °C for 32 hours.
The TG/DTG data was coupled with mass spectroscopic (MS) data as gaseous by-products

were analysed by MS simultaneously with the thermal decomposition.

In Fig. 4.15 it can be seen from the FTIR spectra of as-synthesized UiO-66 that a significant
amount of DMF was part of its structure. The solvent exchange with acetone was found to
remove a significant amount of DMF molecules as the —CHjs split band at 3000 cm™, -CN band
at 1100 cm*and C=0 stretch vibration at 1700 cm™ are significantly reduced. The m/z = 44
signal can also indicate the presence of DMF molecules which can be ionised in the MS
chamber to produce resonance-stabilised [N(CHs)]" ions due to the lone electron pairs of the

nitrogen atom [212]. The absence of other possible contaminants on the as-synthesized UiO-
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66, therefore, means the decomposition of UiO-66 involved the removal of DMF and H2O at

~ 150 °C, with the removal of H20O continuing up to ~ 300 °C by dehydroxylation.

4000 31500 3000 2500 2000 1500 1000 500

DMF

—— Ui0-86 after solvent exchage

— JiD-66 as-synthesized

4000 2500 3000 2500 2000 1500 1000 500

W avenumber {crn'1:|

Figure 4.15: FTIR spectra for DMF, as-synthesized UiO-66, and UiO-66 after solvent

exchange with acetone followed by heat activation at 80 °C for 32 hours.

The DMF molecules might have originated from the pores of the UiO-66 and H>O molecules
generated by the dehydration/dehydroxylation process reported to occur in UiO-66 crystals
[72]. The m/z = 18 and m/z = 44 peaks at ~500 °C overlapped with the highest weight loss of
the UiO-66 structure which is due to framework collapse resulting from the combustion of the
terephthalate linkers into CO. and H20. At temperatures above 500 °C, the sample did not
undergo complete decomposition as a residue of ~20 wt% of ZrO remained for as-synthesized
UiO-66 and ~36 wt% for the sample heated after solvent exchange with acetone. The increase
in residue after solvent exchange could have indicated the removal of adsorbed molecules, most
likely to be DMF solvent molecules as confirmed by FTIR in Fig. 4.15. The amount of ZrO>
remaining has been used as an indication of UiO-66 structures with defects [84,106]. It is
generally shown that a residue yield below 45 wt% would constitute at least one terephthalate
linker deficiency per inorganic node/cluster in the UiO-66 structure, assuming an even
distribution of defects. The highest residue yield obtained in this study was ~40 wt% for UiO-
66 degassed/activated at 290 °C prior to TG analysis. The low yield may further substantiate

the possibility of the UiO-66 structure having defects under the proposed synthesis conditions.
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TG-MS and FTIR results, in this study, strongly suggested a dehydroxylation process occurring
for UiO-66 between 150 and 300 °C. The observations prompted further analysis of the possible

effect post-synthesis activation at high temperature would have on the UiO-66 textural

properties.
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Figure 4.16: PXRD patterns for UiO-66 powder samples after activation/degassing at 80 —
320 °C (at 30 °C intervals). The samples were prepared by heating UiO-66 powder from room
temperature to the target temperature at 10 °C'min** and maintained at the target temperature

for 16 hours.

The results in Fig. 4.16 show the PXRD patterns for UiO-66 powder samples activated by
heating for 16 hours under vacuum at the specified temperatures. It can be seen from the results
that the main peaks at 20 ~ 8, 9, and 25° remained intact across all the activation temperatures
which might indicate the bulk structure of UiO-66 remained unchanged upon heating to 320
°C, a result also confirmed by TG results in Fig. 4.13. There were noticeable differences at
some peak positions which could have indicated possible changes to the crystal phases in the
Ui0-66 structure. In Fig. 4.17(a), the FTIR spectra of UiO-66 activated at 80, 200, 290, and
320 °C showed a trend where two vibrational bands at ~700 and 550 cm™ diminished as the

activation temperature was increased from 80 to 320 °C. In molecules containing Zr-O bonding,
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the vibrational band at ~700 cm™ typically represents Zr-O stretch vibrations which are present
in the UiO-66 inorganic nodes. A study by Valenzano et al. [84] reported the detailed structure
of defect-free UiO-66 to consist of Zrs04(OH)4 nodes coordinated to 12 terephthalate linkers,
and in each node there are three bridging hydroxyl (-nOH-) groups and bridging oxo (u-O-)
groups giving rise to the typical 4m3m UiO-66 crystal structure. The presence of defects,
however, may cause other molecules such as H20O, monocarboxylates (e.g. formic acid), or
other charge balancing molecules that may be present in the reaction mixture to coordinate in
place of missing terephthalate linkers in the defective regions [97]. The possible presence of
charge balancing molecules may contribute to extra phases in the UiO-66 crystal which would

not be expected for a defect-free UiO-66 crystal lattice.

(a) db)_
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Figure 4.17: Effect of post-synthesis high temperature activation/degassing on the UiO-66
structure: (a) FTIR spectra for UiO-66 activated at 80, 200, 290, and 320 °C, (b) PXRD
patterns for UiO-66 activated at 80, 200, 290, and 320 °C.

The results in Fig. 4.16 further showed that at 170 °C and 200 °C, the peak at 26 ~ 6° and the
two peaks between 9 and 12° were not observed. At higher activation temperatures of 230 and

260 °C, the peak at 26 ~ 6° could be observed and the intensity of the peaks between 9 and 12°
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remained significantly lower in comparison to UiO-66 activated at temperatures below 170 °C.
The peak at 26 ~ 6° was not observed after activation at 290 °C and, furthermore, the peak at
260 ~ 12° was also not observed. Both peaks (260 ~ 6 and 12°) could, however, be observed after
activation at 320 °C. It is important to consider that the activation of the UiO-66 was not done
in-situ, rather on UiO-66 samples from the same batch that were activated under vacuum at a
specified temperature, i.e. one sample for each temperature. The studies of Valenzano et al.
[84] reported in-situ PXRD patterns with heating up to 1000 °C, but no evidence of the
behaviour shown in Fig. 4.16 was noticeable in their results. In a recent study by Vandichel et
al. [72], a computational analysis of the dehydroxylation process in UiO-66 showed that it was
theoretically possible for structural changes to occur during the conversion of hydroxylated
Zrs04(OH)4 nodes into dehydroxylated ZrsOe nodes. The study showed the possibility of two
transition states (TS) that may be formed prior to the full dehydroxylation process. It also
proposed that the formation of the TS was heavily favoured in defective UiO-66 crystals and
may influence the mechanical properties of the UiO-66 framework, with the shear modulus
showing a more significant response to applied stress/strain compared to the bulk modulus. In
this study, the effect of high temperature activation or dehydroxylation on the mechanical
stability of UiO-66 was investigated by pelletizing UiO-66 samples activated at 80, 200, 290,

and 320 °C and the results are discussed in section 4.2.2.

4.3.2.2. Cryogenic N2 adsorption/desorption isotherms for UiO-66 powder
activated at different temperatures (80, 200, 290, and 320 °C)

In order to obtain optimized UiO-66 structures giving the highest surface areas and pore
volumes, N. adsorption/desorption isotherms were measured for UiO-66 powder samples
activated at 80, 200, 290, and 320 °C. In Fig. 4.18 and Table 4.5 it can be seen that the N>
adsorption/desorption of UiO-66 all showed typical Type | isotherms, owing to its highly
microporous structure, as described according to the IUPAC isotherm classification (Groen,
Peffer and Perez-Ramirez, 2003). The BET surface areas and total pore volumes were in the
order of UiO-66290°c< UiO-66320°c< UiO-66200°c< UiO-66g0°C.
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Figure 4.18: (a) Nitrogen adsorption isotherms at 77 K for UiO-66 heat treated at 80 (circle),
200 (triangle), 290 (square), and 320 °C (diamond). The open symbols represent desorption
isotherms down to p/po = 0.02. (b) NLDFT pore size distribution, in the micropore region, for
UiO-66 heat treated at 80, 200, 290, and 320 °C.
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Table 4.5: Summary of the BET report for UiO-66 powder degassed at 80, 200, 290, and 320°C

for 16 hours under vacuum.

Isotherm property UiO-66 powder sample (batch 1)
80°C 200°C 290°C 320°C

BET surface area (m?>g™)? 1413 1307 708 1100

(1260, 89%) | (1194,91%) | (610, 86%) (999, 91%)
NLDFT  pore  volume 0.61 0.56 0.37 0.48
(cm3ghb (0.50, 82%) | (0.48,86%) | (0.25,68%) | (0.40, 83%)
Slope (gcm?, STP) 0.003079 0.003334 0.006161 0.003965
Y-intercept (gcm=, STP) 0.00001 -0.00004 -0.000015 -0.000007
Qm (cm3g?t, STP) 325 300 163 253
Correlation coefficient 0.99992 0.99991 0.99995 0.99994

avalues in parentheses represent the micropore surface area and percentage of the total BET surface area. ®values in parentheses represent the

micropore volume and percentage of the total NLDFT pore volume.

The results indicated that low temperature activation/degassing at 80 °C prior to measuring gas
adsorption was sufficient to remove guest/solvent molecules from the pores of UiO-66. In Fig.
4.18(b) the pore size distribution curves show that there were significant changes to the pore
structure of UiO-66 with increasing activation temperatures. UiO-66 is a highly microporous

MOF almost completely made up of pore diameters in the micropore range (2 A to 20 A).

The pore sizes of UiO-66 typically have diameters of ~6, 8, and 11 A which represent the free
spaces in tetrahedral cages, triangular windows, and octahedral cages respectively. The major
pore sizes shown in fig. 4.18(b) were- at ~6, 7, 9, and 12 A consistent with reported literature
[70]. The appearance of larger pore diameters above 12 A could also indicate the presence of
open metal sites within a possibly defective UiO-66 structure. In the UiO-66 sample activated
at 290 °C, the pore diameters at 6 and above 12 A were not evident, an observation further
showing some proof of possible phase/structural changes to UiO-66 as previously observed in
the PXRD patterns in Fig. 4.16 and FTIR spectra in Fig. 4.17. The absence of the pore diameters
at 6 and above 12 A were also consistent with the lowest BET surface area and pore volume
for the UiO-66 sample activated at 290 °C.
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4.3.2.3. High-pressure H> adsorption/desorption of UiO-66 powder activated at
different temperatures (80, 200, 290, 320 °C).

The excess and total H> adsorption isotherms in Fig. 4.19 showed that most of the hydrogen
uptake occurred at relatively low pressure (< 10 bar), an observation typical for a highly
microporous adsorbent such as UiO-66. At pressures above 10 bar, it can be seen that the extent
of H adsorption was less steep compared to the low pressure adsorption, an indication of the
UiO-66 reaching a saturated state where only small amount H> molecules could be adsorbed
further. In the extreme case of saturation, the excess adsorption plot tends to slope down at
high pressures, such as ca. 50 bar, where the rate of desorption of H> molecules may exceed
the rate of adsorption. In Fig. 4.19(b), the excess H> adsorption isotherms can be observed to
have reached saturation at pressures above 30 bar for UiO-66 activated at 80 and 200 °C,
whereas the UiO-66 activated at 290 °C was found to possibly reach saturation at a higher
pressure of 80 bar. The UiO-66 activated at 320 °C was found to possibly reach saturation at
the lowest pressure of about 10 bar. In Fig. 4.14, the dehydroxylation process was shown to
have occurred between 150 and ~300 °C, and in Fig. 4.18(b) the textural properties of UiO-66
was seen to vary with increasing activation temperature. The observed excess H> adsorption
behaviour may therefore be affected by the changed chemical and structural environment at
290 and 320 °C. The effect of saturation was not observable on the total H> adsorption
isotherms as the total H> uptake takes into consideration the effects of pore filling which could
be expected to accommodate a higher Hoadsorption compared to excess Hz adsorption isotherm
which only considers the available excess surface near to the gas to outer adsorbent surface
interface [66].
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Figure 4.19: (a) H2 adsorption isotherms at 77 K showing the total/absolute gravimetric H»
uptake, and (b) excess H> uptake for UiO-66 powder (from batch 1) activated at 80, 200, 290,
and 320 °C. The closed symbols represent the adsorption isotherms and open symbols

represent the desorption isotherms.
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Table 4.6: Hy uptake at 77 K and 298 K (values in parenthesis) up to 100 bar obtained for UiO-

66 powder samples activated at 80, 200, 290, and 320 °C.

Sample (batch 1) Maximum |Total/absolute gravimetric| Working

excess H: uptake (wt%o)? capacity

Uptake (wt%0o) 5 bar 100 bar (Wt%)P
UiO-66 powder@ 80 °C 3.1 2.8 4.6 1.8
UiO-66 powder@ 200 °C 3.0 2.9 4.4 15
UiO-66 powder@ 290 °C 1.8 1.5 3.0 1.5
UiO-66 powder@ 320 °C 2.8 2.8 3.8 1.0

2Values calculated using eqn 3.3 in chapter 3 (section 3.4.5.2). ®Values calculated from the difference between total H, uptake at 100 bar and

5 bar.

In Fig. 4.19 and Table 4.6, the gravimetric H> uptake of the samples could be seen to have
correlated to their BET surface areas and pore volumes, with the UiO-66 activated at 80 °C
showing the highest H, uptake at 77 K and 100 bar. Importantly the increase in activation
temperature was not found to have a liner relationship with the BET surface area and pore
volume, as it was found that the lowest values were obtained after activation of 290 °C instead
of 320 °C (the highest activation temperature investigated in this study). The observed results
were found to strongly suggest that UiO-66 could undergo a dynamic temperature-dependent
behaviour as it pertains to gas adsorption. It was further mentioned in computational studies
previously reported by Vandichel et al. [72] and Rogge et al. [73] that such a dynamic

behaviour had an influence in the mechanical stability of UiO-66. In section

4.4. Pelletization of UiO-66 at 700 MPa

This section is divided into two parts where the study firstly investigates the pelletization of
UiO-66 activated at low temperature and at high temperature. In the second part, the study
investigates the comparative H> uptake properties of powdered UiO-66 and UiO-66 pellets.
The experiments included the pelletization of UiO-66 at ~700 MPa after its activation at 80 to
320 °C (at 30 °C intervals) and the textural properties were measured for selected samples,
namely those activated at 80, 200, 290, and 320 °C as these represented or closely resembled

most reported activation temperatures.
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4.4.1. Pelletization of UiO-66 after activation at different temperatures (80, 200,
290, and 320 °C)

The results obtained in this section for low-temperature activation compared to those obtained
for high-temperature activation would shed light on the effect of the dehydroxylation process
on the textural and mechanical properties of UiO-66.

4.4.1.1. Crystallographic analysis of UiO-66 pelletization after activation at 80 to
320 °C (30 °C intervals)

_/_)‘(L E 665 MPa
. - — - —

)L, : 590 MPa
_JJ}L_ - g ~_~-.._440 MPa

J:&l‘ i _ 240 MPa
,A,q H: 150 MPa

Intensity (a.u.)

B 10 15 20 Z5 30 35 40 45 a0 58 60

2-Theta (deqg.)

Figure 4.20: PXRD patterns for UiO-66 activated at 80 °C (from batch 2) after pelletization

up to ~700 MPa. The vertical dotted lines mark any possible peak shifting at the specified 20
positions (~6° and 26°).
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Figure 4.21: Structural analysis of pelletized UiO-66: PXRD patterns of pelletized UiO-66
(from batch 1) up to ~700 MPa after activation from 80 to 320 °C at 30 °C intervals.

The PXRD results in Fig. 4.20 showed no evidence of peak shifting upon pelletization of UiO-
66 up to ~700 MPa of applied pressure regardless of the activation temperature prior to
pelletization. This observation could suggest that the bulk UiO-66 framework experienced
negligible strain or stress under the specified applied pressures. This could be expected because
the reported value for the minimal shear modulus of UiO-66 is very high, around 13.7 GPa
which is said to be attributed to the strong Zr-O bonding [45]. It is however very clear that the
peaks became broader as the pressure was increased. The broadening of the peaks may have
resulted from a process of amorphisation of the crystals which could be due to the reduction of
grain boundaries between the powder particles [104]. In Fig. 4.21 it can be seen that the effect
of peak broadening was, however, most significant on UiO-66 samples activated at high
temperatures (200 — 320 °C). The PXRD patterns in particular for UiO-66 activated at 200 and
290 °C showed extreme peak broadening and as noted in the UiO-66 powder samples (Fig.
4.16), the symmetry forbidden phase at 26 ~ 6° was clearly not observable at these temperatures
even after the pelletization process. The effect of pelletization at ~700 MPa on the textural

properties of UiO-66 activated at 80 °C are given in section 4.4.1.2.
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4.4.1.2. Cryogenic N2 adsorption/desorption isotherms for powdered and
pelletized UiO-66 activated at 80 °C
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Figure 4.22: N, adsorption/desorption isotherms and pore size distributions (insert) obtained
for powdered and pelletized UiO-66 activated at 80 °C for 32 hours (from batch 2).

Table 4.7: Summary of the textural properties obtained for powdered and pelletized UiO-66

activated at low temperatures (80 ° C).

Isotherm property

UiO-66 sample (batch 2)

Powder

Pellet

BET surface area (m?g1)?2

1737 (1559, 90%)

1707 (1484, 87%)

NLDFT pore volume (cm3g)°

0.96 (0.60, 63%)

0.81 (0.57, 70%)

Slope (gcm?, STP) 0.002501 0.002542
Y-intercept (gcm?, STP) 0.000005 0.000008
Qm (cm3g™, STP) 399 392
Correlation coefficient 0.9997 0.9997
Packing density (g.cm3)° 0.57 1.45
VVolumetric surface area (m?cm-=3)d 990 2475

avalues in parentheses are given for the t-plot micropore surface area. ®values in parentheses are given for the t-plot micropore volume. *Values

are averaged from 5 experimental measurements.
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In Fig. 4.22 it can be seen that both powdered and pelletized UiO-66 show typical Type I
adsorption isotherms, but a near-vertical hysteresis loop of Type H3 configuration was
observable for the UiO-66 powder. The hysteresis loop observed in the UiO-66 pellet extends
over a wider partial pressure range and assumes a Type H4 configuration. The appearance of a
hysteresis loop could have suggested a possibly extended pore structure in the UiO-66 sample.
Indeed in Fig. 4.22 (insert) the pore sizes of both powdered and pelletized UiO-66 extend
beyond 12 A, with pore sizes up to ~18 A, another indication of possible open metal sites or
defects in the UiO-66 structure. In Table 4.7 it can be seen that the textural properties of the
UiO-66 batch 2 were significantly higher compared to UiO-66 batch 1 in Fig. 4.18 and Table
4.5. The two batches were synthesized under exactly the same conditions, however, the post-
synthesis heat treatment (activation) of batch 2 was done over 32 hours compared to 16 hours
used in batch 1. The longer degassing/activation times could have played a significant role in
the complete evacuation of guest molecules from highly microporous adsorbents such as UiO-
66. Due to the narrow pores in the micropore region, guest molecules may remain tightly bound
and would require much lower vacuum conditions (down to about ~107") and long evacuation
times to achieve possibly fully evacuated pores. Any presence of guest molecules, not
completely removed from the UiO-66 framework, could possibly reduce the quantity of
adsorbed N> than would be possible for a completely evacuated UiO-66 sample, and hence
record lower BET surface areas and pore volumes than would be expected [94]. Another
possibility would be the inherent statistical difference amongst batches synthesized separately
at different times, a common feature of most ad-hoc synthesis experiments. The results in Table
4.7, however, do show that the UiO-66 pellet retained at least 98 % of the original BET surface
area and 84% of the total pore volume observed in the UiO-66 powder. The difference of 16%
in total pore volume could be attributed to the possible reduction of void or inter-particle

macropores due to the more densified crystals in pelletized UiO-66.
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4.4.1.3. Cryogenic N2 adsorption/desorption isotherms for powdered and
pelletized UiO-66 activated at 80, 200, 290, and 320 °C
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Figure 4.23: (a) N2 adsorption/desorption isotherms and pore size distribution curves for UiO-
66 pellets (from batch 1) activated at 80 to 320 °C prior to pelletization. (b) Pore size

distribution curves obtained for UiO-66 pellets (from batch 1).
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In Fig. 4.23 and Table 4.8, similar results were obtained for powdered and pelletized UiO-66
activated at 80 °C (batch 1). The BET surface area of the UiO-66 pellet was 92% that of UiO-
66 powder with the total pore volume retained being 98% that of the pellet. The UiO-66
pelletized after activation at 200 to 320 °C show significantly reduced BET surface areas of
down to 13% retained for UiO-66 pellet activated at 320 °C and only 20% of the total pore
volume retained. Since the pelletization of MOFs is typically accompanied by reduced textural
properties, the observed result could be a strong indication of the compromised mechanical
strength of UiO-66 upon activation at 200, 290, and 320 °C compared to UiO-66 activated at
80 °C. In Fig. 4.23(b) it can be seen that the pore diameters at 6 A and above 12 A were only
observable for UiO-66 powder and pelletized UiO-66 activated at 80 °C and not for UiO-66
activated at 200, 290, and 320 °C. The reduction in total pore volume showed a significant
collapse of the porous structure of UiO-66, indicating possible loss in mechanical strength after
its activation at 200, 290, and 320 °C. The effect of pelletization on the Hz uptake of UiO-66 is

reported in section 4.5.

Table 4.8: Summary of the textural properties obtained for pelletized UiO-66 activated up to
320 °C compared to those obtained for UiO-66 powder (80 °C).

Parameter U10-66 pellet sample (batch 1)

Powder 80 °C 200 °C 290 °C 320°C
BET surface area (m?g?)?2 1413 1300 252 200 180

(1260, 89%) |(1091, 84%)| (208, 83%) |(163, 82%) (123, 68%)

NLDFT pore volume 0.61 0.60 0.15 0.11 0.12
(cm3ghyb (0.50, 82%) |(0.44, 73%) ((0.09, 60%)|(0.07, 64%)|(0.05, 42%)
Slope (gcm™3, STP) 0.003079 | 0.003347 | 0.017289 | 0.021851 | 0.02423
Y-intercept (gcm3, STP) 0.00001 0.00001 | 0.000035 | 0.000046 | 0.000016
Qm (cm3g?L, STP) 325 299 58 46 41
Correlation coefficient 0.99992 0.99996 | 0.99997 | 0.99997 | 0.99998
Packing density (g.cm3)° 0.65 1.52 1.33 1.46 1.50
\Volumetric surface area 919 1976 335 292 270
(m2-cm-3)d

dvalues in parentheses are given for the t-plot micropore surface area; ®values in parentheses are given for the t-plot micropore volume.

“Calculated from experimental measurements using eqn. 3.6 in chapter 3 (section 3.5.1). “calculated by multiplying the packing density and

the BET surface area.
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4.5. Cryogenic H; adsorption/desorption isotherms for powdered and pelletized
UiO-66 activated at 80 °C

This section reports on the H> adsorption properties of UiO-66 with respect to gravimetric H»
uptake and total volumetric H> capacities in powdered and pelletized UiO-66 (from batch 2).
The results are reported for high pressure H, adsorption, with a maximum pressure of 100 bar
at 77 K and 298 K. The working H capacities are calculated from the difference between the
H> adsorption curve at 100 bar (10 MPa) to the desorption curve at 5 bar (0.5 MPa) as described
in literature [151]. Using the predictive model developed by Balderas-Xicohténcatl et al. [50],
the theoretical volumetric Hz capacity values will be compared to experimental results obtained

in this study

4.5.1. Gravimetric H; capacity for powdered and pelletized UiO-66 activated at
80 °C

In Fig. 4.24 and Table 4.9, it can be seen that the UiO-66 powder achieved a total gravimetric
H> uptake of 5.0 wt% (1.0 wt% at 298 K) and the Ui0-66 pellet obtained 5.1 wt% (0.9 wt% at
298 K). The observed H> uptake results strongly suggested that the crystal structure of UiO-
66, activated at 80 °C, did not change upon pelletization at ~700 MPa. A closer look at the
shape of the isotherms revealed slight but significant differences in their H> uptake behaviour.
It can be seen in Fig. 4.24 that at low to intermediate pressure (i.e. 0 ~ 30 bar), the excess and
total H> uptake for UiO-66 powder were higher in comparison to the isotherms of pelletized
UiO-66. This observation could be explainable by assuming the isotherms as following
Langmuir adsorption model since the measurement conditions employed (77 K and to 100 bar)
were above the critical point of Hz, i.e. under the specified conditions, Hz could only exist in a
gaseous and supercritical fluid state [28,213]. The measurements were also not obtained under
equilibrium conditions as the duration of each experiment was pre-set using a timer as
described in Chapter 3 (section 3.4.5.2). Based on the Langmuir adsorption model, the surface
coverage of the adsorbent by gas molecules increases with increasing pressure and also depends

on the availability of binding sites on the adsorbent.
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Figure 4.24: H> adsorption isotherms obtained for powdered and pelletized UiO-66 (from
batch 2) from 0 to 100 bar at: (a) 77 K and (b) 298 K.

At high pressure, as the adsorbent surface becomes filled with gas molecules, the amount of

gas adsorption would be exceeded by the amount of gas desorption since little adsorption sites

are available at high surface coverage [39]. The loosely packed crystals in UiO-66 powder

http://etd.llﬁ%vc.ac.za/



would thus be expected to have more readily available adsorption sites (pores) accessible to
the H> gas molecules at low to intermediate pressure. The resultant rapid surface coverage at
low pressure, coupled with the highly microporous nature of UiO-66 would result in high H>
adsorption at low pressure (< 30 bar) compared to higher pressure. In pelletized UiO-66, the
crystals assumed a more densified and closely packed state, possibly with a reduced grain
boundary compared to the powder. The result could be low accessibility for H> molecules to
adsorption sites (pores) and higher pressures required to increase the surface coverage and pore
filling. That also could mean the adsorbed H. gas molecules were more constrained within the
pores due to the close packing of the densified UiO-66 crystals and therefore could readily
desorb at high pressure. Indeed the results in Fig. 4.24 showed that the excess Hz uptake for
pelletized UiO-66 was higher than that of UiO-66 powder at high pressure (p > 30 bar) and
hence the total H> uptake from about 40 to 100 bar matched that of UiO-66 powder. The
observed shifting of adsorbed H. towards higher pressures could be considered to have an
impact on the working capacity of UiO-66. The working capacity in pelletized UiO-66 (Table
4.9) increased by 0.5 wt%, meaning that the amount of adsorbed H, between 5 and 100 bar
increased by ~10 % as a result of pelletizing UiO-66 at 700 MPa. It is very rare in MOFs that
the MOF pellet not only retains the original surface areas and pore volumes of their powdered

forms, but also retain the H, uptake with an improved gravimetric working capacity.

In Table 4.9, the maximum excess Hz uptake in UiO-66 from batch 2 (2.6 wt% for UiO-66
powder activated at 80 °C) was lower compared to UiO-66 from batch 1 (3.1 wt% for UiO-66
powder activated at 80 °C) but their BET surface areas were found to be the opposite. The
measurement of BET surface area uses a volumetric method where the volume of adsorbed N
is measured (Micromeritics report, cited from: www.micromeritics.com, 2016). In the
volumetric method, the density of the adsorbent does not necessarily play a significant role in
the measured volume of N2 adsorbed. In the measurement of adsorbed H>, on the other hand,
the method used is a gravimetric method where there is a significant dependency of the amount
of Hz adsorbed on the skeletal density of the adsorbent, most especially for high pressure H>
adsorption [197].
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Table 4.9: Experimental gravimetric Ho uptake results for powdered and pelletized UiO-66.

The measurements were obtained at 77 K (and 298 K) up to 100 bar.

Sample (batch 2) Maximum excess Total/absolute gravimetric| Working capacity
Uptake (wWt%0o) H2 uptake (Wt%o)P (Wt%o)°
Experimental |Estimate?| 5 bar 100 bar
UiO-66 powder 2.6 (0.38) 35 2.3 (0.06) 5.0(1.1) 2.7 (1.0)
UiO-66 pellet 2.8 (0.28) 34 1.9 (0.02) 5.1(0.9) 3.2(0.9)

Estimated using the Chahine rule [209].°Calculated using Eqn. 3.3. °Difference between H, uptake at 100 bar (adsorption) and 5 bar

(desorption). Values in parentheses represent H, uptake at 298 K.

In high pressure H, adsorption, it is generally found that at pressures above atmospheric
pressure (ca. 1 bar) the density of Hz increases linearly with increasing pressure and as such
requires that the adsorbent must be corrected for buoyancy effects by using measured skeletal
densities, typically using He pycnometry [11]. Any deviations between two samples, of the
same material, in their measured skeletal densities may result in significant differences in the
amount of adsorbed excess Hz when comparing the two samples. As observed earlier in Fig.
4.18 and 4.22 the major difference between the two UiO-66 batches was in the pore size
distributions; UiO-66 from batch 1 showed a higher degree of volume within the ~9 A pore

size whereas in batch 2 there was a higher degree in the pore size range 11 — 20 A.

The significance of this difference was in the measurement of their skeletal densities using He
pycnometry. As described in chapter 2, He pycnometry is done under ambient conditions and
the diffusion of He gas into the adsorbent pores may be dependent on the pore sizes and narrow
pores may be considered as “closed pores” under the ambient conditions [39]. This may result
in an overestimation of the skeletal density under non-equilibrium adsorption conditions. In
this study, the skeletal density was measured once for UiO-66 and utilized throughout without

considering the difference in the significant pore sizes in the two UiO-66 batches.
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4.5.2. Volumetric H2 capacity for powdered and pelletized UiO-66 activated at 80
°C

The pelletization strategy was mainly used to improve the packing density of UiO-66 and
possibly improve the volumetric H. capacity as reported by Balderas-Xicohténcatl et al. [50]
and the results are shown in Fig. 4.25 and Table 4.10. The experimental results were also
compared to the theoretical amount of H> gas stored in a pressurised H. cylinder with no
adsorbent material. The comparison could show the effectiveness in using MOF-based storage
compared to cylinders without MOFs. In order to substantiate the use of packing density for
the calculation of the volumetric H. capacities from gravimetric H> uptake data, it can be seen
from Table 4.10 that the experimental values obtained in this study (between 20 — 25 bar) were
virtually the same as those estimated using the “hydrogen surface density” developed by
Balderas-Xicohténcatl et al. [50]. This provided further correlation between the volumetric

surface area of MOFs and their packing density.

In Fig. 4.25 it can be seen that the total volumetric Hz capacity is 155 % higher in pelletized
UiO-66 compared to UiO-66 powder at 77 K and 100 bar (86% higher at 298 K). This
observation can be attributed to the increased volumetric surface area after pelletization, as
shown in Table 4.8. In Fig. 4.25 it is observable that at pressures above 80 bar the volumetric
H> capacity of UiO-66 powder is lower compared to the theoretical volumetric density of H»
gas in a pressurised Hz cylinder. As highlighted in many studies [2,15,37,215] it is key that for
the possible application MOF-based H storage systems, both the gravimetric and volumetric

H> capacities must be balanced within material.
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Figure 4.25: Volumetric H> capacities for pelletized and powdered UiO-66 compared to a
pressurized Ha cylinder without any MOFs: (a) at 77 K and (b) at 298 K from 0 — 100 bar

pressure.
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Table 4.10: Summary of volumetric H», capacities at 77 K and 298 K for powdered and

pelletized UiO-66 activated at 80 °C.

Sample (batch 2) Total volumetric H2 capacity (g.L™?) Working
5 bar 25 bar 100 bar [capacity®

Experimental® | Estimate®
UiO-66 powder 13 (0.4) 19 (2) 19 29 (7) 16 (7)
UiO-66 pellet 27 (0.9) 47 (4) 47 74 (14) | 47 (13)
Pressurized Hz cylinder 2(0.4) - - 31 (8) 29 (8)

“Calculated using eqn. 3.4 in chapter 3 (section 3.4.5.2). °Calculated using the volumetric surface area (Table 4.8) and the “volumetric Hy

density” as recommended in ref [50]. °Difference between the total H, uptake at 100 bar (adsorption) and 5 bar (desorption).

The UiO-66 powder showed a high gravimetric Hy uptake but fairly low volumetric Ho
capacity, whilst the UiO-66 pellet showed matching gravimetric H» uptake and a much higher
volumetric Hy capacity. Assuming the use of packing density to convert gravimetric H>
isotherm data to volumetric data, and an accurate ‘hydrogen surface density’ model, the results
showed remarkable and unprecedented H> adsorption properties of MOFs pelletized at ~700
MPa. In this study, the concept of compaction (or pelletization) of UiO-66 for enhancement of
volumetric capacity without compromising gravimetric capacity was therefore proven, which
is a rare case for MOFs (Tables 4.9 and 4.10). In addition, the applied pressure (~700 MPa) for
pelletization was unprecedented for MOFs since most studies have reported a collapse of the
MOF structure upon compaction at very high pressures.

In order to check the validity for the use of packing density to calculate the volumetric H>
capacity, the study also investigated the use of a model proposed by Ahmed et al. [2] where
both the MOF skeletal density and crystal density were employed to calculate the volumetric
H> capacity from gravimetric data.
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Figure 4.26: Total volumetric H2 capacity isotherms for powdered and pelletized UiO-66 in
comparison to a pressurized Ha cylinder without MOFs: at (a) 77 K and (b) at 298 K. The

volumetric H» capacity was calculated using the model developed by Ahmed et al. [2].
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Table 4.11: Summary of volumetric H», capacities at 77 K and 298 K for powdered and

pelletized UiO-66 activated at 80 °C. The values were calculated using the model developed

by Ahmed et al. [2] (Egn. 3.5 in chapter 3).

Sample Total volumetric H2 capacity (g.L™1)? Working capacity®
5 bar 100 bar

UiO-66 powder 28 (0.4) 34 (7) 6 (7)

UiO-66 pellet 22 (0.4) 43 (6) 21 (6)

Pressurized Hz cylinder 2 (0.4) 31 (8) 29 (8)

aCalculated using eqn. 3.5 in chapter 3 (section 3.5). "Difference between the total H, uptake at 100 bar (adsorption) and 5 bar (desorption).

The results in Fig. 4.26 and Table 4.11 show that the volumetric H capacity of pelletized UiO-
66 was higher than UiO-66 powder at 77 K and 100 bar, however, at 298 K, the volumetric H>
capacities for UiO-66 powder was higher than pelletized UiO-66 and furthermore both UiO-
66 forms were found to have lower volumetric H capacities in comparison to a pressurized Hz
cylinder without an adsorbent. The pelletization of MOFs has, however, been shown to
generally improve the volumetric Hz capacity as the densified MOF form would have an
improved excess surface and thereby accommodate more Hz compared to its powder form
[213]. The densification also reduces the extent of void spaces/volume that may not necessarily
contribute towards the adsorption of H> molecules. It would therefore be expected that the
volumetric Ha capacity of pelletized UiO-66 be higher than that of UiO-66 powder regardless
of the temperature it is measured. The model proposed by Ahmed et al. [2] does not seem to
be consistent with such an expectation whereas the use of packing density to calculate the
volumetric H> capacity, as shown in Fig. 4.25 and Table 4.10, supports this expectation

resulting from the pelletization of porous materials.

The ratio of the volume of H> adsorbed to the volume of H> in the gaseous/bulk phase
(Vad/Vuik) could serve as an indication of the efficiency of H. storage in the MOF compared
to that of an “empty” pressurized H> cylinder. Under the specified isotherm conditions (T =
77 K, 0 < P < 100 bar), the Hz density (g-L?) increased linearly with pressure and results in the
ratio Vad/Vouik €qual to 1 as calculated using the ideal gas equation (PV = nRT). This meant
that, under ideal conditions, there would not be adsorption of H> molecules expected in a

pressurized cylinder without adsorbents. In Fig. 4.27 it can be seen that in the presence of UiO-
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66, however, the Vad/Vbuk ratio could be seen to rapidly increase at pressures below 5 bar
peaking at ~40 cm3.cm™ for both powdered and pelletized UiO-66. This meant that at pressures
below 5 bar, UiO-66 could store at least 40 times more H> by volume compared to the amount
stored in an empty container/cylinder under the same conditions. As the pressure increased
from ~5 bar up to 100 bar, the Vad/Vbuik ratio decreased sharply initially and then steadily
towards Vad/Vouik = 1. The rapid increase in adsorbed H> at low pressure could be attributed to
the readily available adsorption sites (such as pores and pore walls). As these spaces/sites
become filled with mono- and/or multilayers of H2 molecules, the uptake of more H. could
become restricted and possibly lead to an equilibrium state of adsorption being reached (i.e.,
saturation). Interestingly, from ~5 to 100 bar, Vad/Vouk for pelletized UiO-66 was greater than
that of the powdered UiO-66, showing more uptake of H> at elevated pressures. This correlated
with the excess adsorption isotherm obtained for pelletized UiO-66 in relation to the UiO-66
powder, i.e., the densified sample could take up more excess H, compared to UiO-66 powder.
Clearly, the significant increase in the UiO-66 density after compaction at ~700 MPa translated

to a rise in the calculated total volumetric H> capacity.
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Figure 4.27: Volume of adsorbed H> per volume of Hz in the bulk phase (Vad/Vouk) for
pelletized UiO-66, UiO-66 powder and a pressurized Hz cylinder without MOFs. The Vad/Vbuik
was calculated from the ideal gas law of H2 gas (PV = nRT) using the volumetric H> capacity

values obtained using the packing density.
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4.6. Cryogenic Hz adsorption/desorption isotherms for powdered and pelletized
UiO-66 activated at 80, 200, 290, and 320 °C

The results in Fig. 4.28 and 4.29 and Table 4.13 showed the role of high-temperature activation
of UiO-66 (from batch 1) and the H> adsorption isotherms (gravimetric and volumetric) for
UiO-66 pellets (from batch 1) after activation at 80, 200, 290, and 320 °C. The results in section
4.2 showed that high-temperature activation of as-synthesised UiO-66 could undergo a
dehydroxylation process up to ~300 °C. In the following discussions, the UiO-66 samples will
be referred to as hydroxylated, partially dehydroxylated, and dehydroxylated for samples
activated at 80, 200/290, and 320 °C respectively.

4.6.1. Gravimetric H2 capacity for powdered and pelletized UiO-66 activated at
80, 200, 290, and 320 °C.

In Fig. 4.28 and Table 4.12 it can be seen that the gravimetric Hz uptake of pelletized UiO-66
differed with activation temperature relative to UiO-66 powder. The hydroxylated UiO-66
pellet was seen to have retained more than 90% of the gravimetric H> uptake obtained in UiO-
66 powder and showed improved working capacity similar to the results in Table 4.9. The
result showed some degree of reproducibility to the results presented in Fig. 4.24 even though
the two isotherms did not exactly match up to 100 bar as shown in Fig. 4.24. The reason could
be the slightly lower BET surface areas and pore volumes measured for pelletized UiO-66, and
it was also noted during experimentation that longer activation times of up to 32 hours were
required to completely evacuate the sample of guest molecules, especially in pelletized UiO-
66 samples. The gravimetric H> uptake of partially dehydroxylated UiO-66 pellets, activated
at 200 and 290 °C, was only about 20% of the H, uptake of powdered and pelletized
hydroxylated UiO-66. The dehydroxylated UiO-66 pellet, activated at 320 °C, however,
showed slightly higher H. uptake at 100 bar, with a retention of about 30% to that of
hydroxylated UiO-66. The amount of H, adsorbed in partially dehydroxylated UiO-66 samples
was lower at 100 bar compared to 5 bar and thus effectively resulted in a zero working capacity
when considering the difference between H, adsorbed at 100 bar and desorbed at 5 bar. This
reduction in gas uptake at high pressure is typical when adsorption sites (pores) become
saturated with gas molecules and the rate of desorption far exceeds the rate of adsorption.
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Figure 4.28: H, adsorption/desorption isotherms (77 K, 100 bar) for pelletized UiO-66 (from
batch 1) after activation at 80, 200, 290, and 320 °C: (a) total Hz> uptake, and (b) excess H:
uptake.

Remarkably the dehydroxylated UiO-66 pellet showed a positive working capacity of 0.9 wt%
as its total H uptake was at its highest at 100 bar. The excess H: isotherm for dehydroxylated
UiO-66 activated at 320 °C was also found not to show signs of reaching saturation at 100 bar.

This observation could be attributed to the restoration of crystalline phases in UiO-66 pelletized
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after activation at 320 °C (Fig. 4.21) as it was observed that pelletized UiO-66 activated at 290
°C showed a high degree of amorphousness. The restoration of crystalline phases may have
indicated a recombination of the UiO-66 structure and possibly its original H> adsorption
behaviour as found in its hydroxylated form. In Fig. 4.28 it can be observed that pelletized
hydroxylated UiO-66 activated at 80 °C also resulted in an excess H. adsorption isotherm
showing little signs of saturation up to 100 bar. This observation was also seen in Fig. 4.24 and
could possibly show that the pelletization of UiO-66 with a high degree of crystallinity (i.e.
sharp peaks in their PXRD patterns) could have a tendency to reduce the rate of H, desorption
at high pressure (>30 bar) and thereby retain a high amount of adsorbed Ho.

Table 4.12: Summary of the gravimetric Houptake at 77 K and 100 bar for UiO-66 powder (80
°C) compared to UiO-66 pellets activated at 80, 200, 290, and 320 °C.

Sample (batch 1) Maximum excess Total/absolute gravimetric| Working
Uptake (wt%o) H> uptake (Wt%o)P capacity
Experimental | Estimate?® 5 bar 100 bar (Wt%o)°
UiO-66 powder@ 80 °C 3.1 2.8 2.8 4.6 1.8
UiO-66pellet@ 80 °C 2.9 2.6 A8 4.2 1.9
UiO-66 pellet@ 200 °C 0.9 0.5 0.8 0.8 0
UiO-66 pellet@ 290 °C 0.7 0.4 0.7 0.6 0
UiO-66 pellet@ 320 °C 0.9 0.4 0.4 1.3 0.9

aEstimates based on the Chahine rule [209]. °Calculated using eqn. 3.3 in chapter 3 (section 3.4.5.2). °Difference between the total H, uptake

at 100 bar (adsorption) and 5 bar (desorption).

4.6.2. Volumetric H> capacity for powdered and pelletized UiO-66 activated at

80, 200, 290, and 320 °C

In Fig. 4.29 it can be observed that the volumetric H, capacities between powdered and
pelletized hydroxylated UiO-66 were consistent with results shown in Fig. 4.25. The UiO-66
pellet showed a volumetric Hz capacity at least 100% higher in comparison to that of UiO-66
powder, and at pressures above 80 bar, the volumetric Hz capacity of UiO-66 powder became

less compared to the theoretical H2 density in a pressurized cylinder.

http://etd?ﬁ%/vc.ac.za/



70 l
60 &
- & P ® UIO-66 pellet@ 80°C (ads)
— ¢ Ui0-66 pellet@ 80°C (des)
Q 50 A * A Ui0-66 pellet@ 200°C (ads)
- g A Ui0-86 pellet@ 200°C (des)
= ¥ Ui0-66 pellet@ 290°C (ads)
(&) ‘ * v Ui0-86 pellet@ 290°C (des)
()] i g B UiO-66 pellet@ 320°C (ads)
o 40
© O UiO-66 pellet@ 320°C (des)
'S} & Ui0-66 powder (ads)
o O Ui0-66 powder (des)
T ’ Pressurized H, cylinder
o 301 4
— L J
A= :
@ eC ® L
= ° o e
5 20 e ® !
o "
> a o z m”
A AA A =] A Pa¥ £
v L | v A
10 yyn Vvy W s 4
0% T T T T T 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 55 60 65 70 75 80 85 90 95 100

Pressure (bar)
Figure 4.29: H» adsorption isotherms showing the volumetric Hz capacity for hydroxylated

and dehydroxylated UiO-66 pellets compared to hydroxylated UiO-66 powder.

In Table 4.13, the volumetric Hz capacities of partially dehydroxylated UiO-66 pellets showed
zero working capacity, whereas the dehydroxylated UiO-66 pellet showed a working capacity
of 13 g.L%. The results could have suggested some degree of recovery in the mechanical
stability of UiO-66 in its fully dehydroxylated form. Indeed the PXRD patterns shown earlier
in Fig. 4.21 indicated crystalline peaks/phases not observed for UiO-66 pellets activated at
200/290°C but present in UiO-66 pellets activated at 80 and 320 °C. This is the first study to
report experimental results showing such behaviour in UiO-66 gas uptake properties. This work
demonstrated experimentally for the first time that UiO-66 responds in a dynamic fashion to
changes in activation temperature within the range in which it has previously been considered
stable. The results seemingly show strong agreement with the computational study reported by
Vandichel et al. [72]. In this study, partially dehydroxylated UiO-66, at 200 and 290 °C, were
shown to exhibit crystalline phases with very high amorphous character (Fig. 4.21), extreme
reductions in BET surface areas and pore volumes (Table 4.8) and extreme reductions in

gravimetric and volumetric H> capacities upon pelletization at 700 MPa.

http://etd.la%/vc.ac.za/



Table 4.13: Summary of the volumetric H» capacity at 77 K and 100 bar for UiO-66 powder

(80 °C) compared to UiO-66 pellets activated at 80, 200, 290, and 320 °C.

Sample Total volumetric Hz capacity (gL™?) | Working
5 bar 25 bar 100 bar | capacity®
Experimental® | Estimate®
UiO-66 powder@ 80°C 17 22 18 28 11
UiO-66 pellet@ 80°C 36 46 38 64 28
UiO-66 pellet@ 200°C 11 12 6 10 0
UiO-66 pellet@ 290°C 10 11 6 8 0
UiO-66 pellet@ 320°C 6 11 5 19 13
Pressurized Hz cylinder 2 - - 31 29

3Calculated using eqn. 3.4 in chapter 3 (section 3.4.5.2). PCalculated using the volumetric surface area (Table 4.8) and the “volumetric H,

density” as recommended in ref [50]. °Difference between the total H, uptake at 100 bar (adsorption) and 5 bar (desorption).

The study by Vandichel et al. [72] proposes that there could possibly exist two transition states
during the dehydroxylation pracess of UiO-66, and the results obtained in this work could have
suggested the presence of the said transition states around 200 and 290 °C. The fully
dehydroxylated UiO-66 powder showed reduced BET surface areas, pore volumes, and H>
capacities compared to hydroxylated UiO-66. It is noticeable -in this study that the
dehydroxylated UiO-66 pellet showed much inferior textural properties compared to
hydroxylated UiO-66 pellets, thus suggesting some compromise to the mechanical strength of
UiO-66 after dehydroxylation at 320 °C. Indeed Vandichel’s computational study reports on
reductions in mechanical strength for dehydroxylated UiO-66, that become enhanced in UiO-
66 crystals with defects and with major effects on the shear modulus compared to the bulk
modulus of UiO-66.

4.7. Determination of the heat of adsorption on powdered and pelletized UiO-66

Using the Clausius-Claperyon equation [29,204] the calculated values for the isosteric enthalpy
(Table 4.10) of adsorption for powdered and pelletized UiO-66 activated at 80 °C 4.5 kJ'mol*
and 3.9 kJ'mol* respectively, which were obtained at a coverage of 0.3; 0.5; 0.8; and 1.1 wt%
total H> uptake. It can be seen in Table 4.14 that across the selected adsorbed amounts, the

enthalpy of adsorption remained relatively constant for both powdered and pelletized UiO-66.
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This observation generally represents a high level of homogeneity of an adsorbent surface,

further proving the highly microporous nature of UiO-66.

Table 4.14: H, uptake experimental values used to calculate the isosteric enthalpy of

adsorption (AHag) using the Clausius-Claperyon equation.

UiO-66 |H2 uptakeT: (K) P1 (bar) [T2(K) P2 (bar) |AHad (J.molt)|AHad
powder |(Wt%b) (kJ'mol?t)
0.3 77 0.2 298 25 4168 4.2
0.5 77 0.25 298 40 4381 4.4
0.8 77 0.39 298 70 4480 4.5
1.1 77 0.56 298 100 4476 4.5
UiO-66 |Uptake [T1(K) P1 (bar)  (T1(K) P1 (bar) |AHad (J.molt)|AHad
pellet  |(wt%) (kJ/mol?)
0.3 77 0.3 298 30 3976 4.0
0.5 77 0.56 298 X 3959 4.0
0.8 77 0.91 298 80 3864 3.9
0.9 T 1.2 298 100 3818 3.8

In the case of UiO-66, it is well-documented that UiO-66 is a highly microporous MOF and
the results obtained in this study showed further proof with micropore surface areas as high as
91 % of the total BET surface area of UiO-66 activated at different temperatures (Table 4.5)
and a constant enthalpy of adsorption.

4.3. Chapter summary

This chapter presented the analysis of MIL-101 and UiO-66 prepared via acid-modulated
solvothermal synthesis, as highlighted in chapter 3. The results were obtained for both powder
and pelletized MOF forms and included morphological characterizations, chemical and
crystallographic compositions, and most importantly the gas adsorption properties of powdered
MOFs compared to their pelletized counterparts. It was evident from the gas adsorption results
that UiO-66 exhibited significantly different behaviour towards pelletization compared to MIL-

101(Cr) with the former MOF being found to be the more robust compared to the latter. It was
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also observed that the mechanical robustness of UiO-66 was dependent on the post-synthesis
activation/degassing temperature employed to fully remove guest molecules from the as-
synthesized crystals. It was demonstrated experimentally for the first time that UiO-66
responds in a dynamic manner to changes in activation temperature within the range in which
it has up till now been considered stable. The concept of compaction (or pelletization) of UiO-
66 to enhance volumetric capacity without compromising gravimetric uptake was also proven,
which is a rare occurrence for MOFs. Furthermore, the applied pressure for pelletization (700
MPa) is also unprecedented for MOFs since most studies have reported a collapse of the MOF
structure upon compaction at very high pressures. In closing, this chapter clearly demonstrated
the pelletization strategy/method as a useful tool to improve the inherently low packing
densities of MOFs and subsequently resulting in improved volumetric H» capacities of MOF

pellets compared to their powder counterparts.
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Chapter 5

5. Electrospinning of MOF/polymer composites for H storage applications

This chapter covers the electrospinning of non-porous polymers polyacrylonitrile (PAN),
polymethylmethacryalate (PMMA), and polystyrene (PS) and a porous polymer, PIM-1
(polymer of intrinsic microporosity-1), using two electrospinning techniques, namely single-
nozzle and coaxial electrospinning. Initially, the results showed the optimization of the process
parameters suitable to produce polymer nanofibers with uniform fiber diameters and negligible
bead formation. The optimization results served to establish electrospinning conditions where
the incorporation of the selected MOFs, UiO-66 and MIL-101(Cr), would be favourable for
single-nozzle and coaxial electrospinning of MOF/polymer solutions/emulsions. The aim of
the incorporation of MOFs into nanofibers was to embed the MOFs in a polymer matrix so as
to improve their handling compared to their powdered, free-standing counterparts. The use of
MOF/polymer nanofibers was proposed as a method that would facilitate easier system
integration into a possible high-pressure cylinder compared to the use of MOFs as loose
powders. In addition, the MOF/nanofiber nanofibers prepared in this study were also intended
for use as polymer-based binders in the pelletization of UiO-66 that would possibly provide
improved mechanical strength and structural integrity compared to UiO-66 pellets without
binders (discussed in Chapter 6). The main challenge, however, was to overcome the inevitable
reduction in the textural properties (surface areas and pore volumes) in the MOF/polymer
nanofibers compared to the pristine MOF powders, due to the use of non-porous polymers and
the PIM-1 polymer having a lower surface area and pore volume compared to UiO-66 and
MIL-101(Cr). In order to counteract the challenge, the study proposed a post-electrospinning
treatment of core-shell MOF/X@PAN nanofibers (X = PMMA or PS) prepared via the coaxial
electrospinning method. The shell component of the nanofibers consisted of MOF/PAN and
MOF/PMMA(PS) as a core material. The core polymer material was then selectively removed
post-electrospinning by immersing in acetone (in the case of PMMA) or chloroform (in the
case of PS), since both solvents do not dissolve PAN. This form of selective removal using
solvents was demonstrated by Zander et al. [200] where PMMAJ/PAN core-shell nanofibers
where soaked in a solvent to dissolve PMMA out of the composite, confirmed by FTIR and
TGA, leaving behind PAN. In this study, the method of selective removal could possibly ensure
that a core-shell MOF/PMMA@PAN nanofiber containing a 20 wt% MOF loading, with

respect to the amount of PMMA, could be increased to about 60 wt% after the complete
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removal of the PMMA core following treatment with a solvent such as acetone. This possible
increase in the MOF loading could be further exploited in composites which contain 20 wt%
MOF loadings in core and shell regions of the core-shell nanofiber composite. In the latter
situation it would be possible to increase the MOF loading close to about 90 wt% with respect
to the remaining PAN polymer after selective removal of the core polymer. The consistency
of the proposed or possible improvements in MOF loadings would obviously be determined by
the quality of the electrospun nanofiber composites using the specified electrospinning
conditions as set out in this study. By improving the MOF loading, it could be possible to
improve the surface areas, pore volume, and Hz capacities of MOF/PAN nanofibers to resemble

those of the pristine MOF powders.

5.1. Single-nozzle electrospinning of PAN and PIM-1 nanofibers

The electrospinnable polymers such as PAN are sensitive to process parameters as non-optimal
conditions e.g. low polymer concentration, high voltage, impurities, high flow rates, may lead

to severe bead formation and hence non-uniform fiber diameters that are not desirable.

5.1.1. Electron microscopy of electrospun PAN and PIM-1 via single-nozzle
electrospinning

In Fig. 5.1 and 5.2, it can be seen that the morphologies of PAN and PIM-1 nanofibers were
strongly affected by the process parameters employed during electrospinning. In Fig. 5.1a, it
can be seen that for a PAN solution of 12 wt% in DMF, 3 mL'h* and applied voltage of 12 kV,
the nanofibers were observed to consist of beads, but the degree of bead formation was found
to be reduced upon simultaneously lowering the solution flow rate and applied voltage to 1.8 -
2 mLh?tand 11 kV respectively (Fig. 5.1b and Fig. 5.2a). In general, the main source of bead
formation during polymer electrospinning is the viscosity of the solution and the influence of
the applied voltage and flow rate become lessened upon reaching a critical viscosity that is
ideal for electrospinning [171]. In cases whereby the concentration of the polymer solution
does not represent a critical viscosity, the influence of the applied voltage and flow rate become
enhanced [182]. It was, however, not in the scope of this study to include an in-depth
investigation on the effect of the applied voltage and flow rate. The observation made in Fig.
5.1b and Fig. 5.2a was sufficient to maintain the applied voltage and flow rate at 11 kV and 1.8

mL-h! for the electrospinning of PAN-based polymer solutions/emulsions. The electrospinning
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of PIM-1 was, however, more difficult as the formation of nanofibers was found to be
influenced by the solution concentration and the solvent in which PIM-1 was dissolved. In Fig.
5.1c it can be seen that the electrospinning of a 10 wt% PIM-1 solution in TCE led to the
formation of thin film, with no evident formation of nanofibers. The formation of film could
be explained by considering that the solvent could have not evaporated under the specified

electrospinning conditions, probably due to its high affinity for the polymer or the solvent

having a high viscosity [113].

10pum - £ ; 4 ’ n
Figure 5.1: SEM images showing the microstructure of electrospun PAN and PIM-1: (a) PAN
nanofibers obtained for a 12 wt% solution, 3 mL-h* flow rate, and at 12 kV applied voltage;
(b) PAN nanofibers obtained for a 10 wt% solution, 2 mL-h flow rate, and at 12 kV applied
voltage; (c) PIM-1 thin film obtained post-electrospinning a 10 wt% (in TCE), at 3 mL'h™* flow
rate, and 16 kV applied voltage; and (d) PIM-1 nanofibers obtained for a 5 wt% solution (in
TCE), 2 mLh! flow rate, and at 12 kV applied voltage.

In Fig. 5.1d, the PIM-1 concentration was reduced to 5 wt% in TCE, but as can be seen, the
electrospun PIM-1 contained a high content of beads and non-continuous fibers. The non-

continuous nature of the fibers suggested that under the specified process parameters (12 kV,
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2 mLh?, and 5 wt% PIM-1 concentration) the deposition of PIM-1 on the collector could be

considered as occurring via an electro-spraying mechanism.

It is common that the electrospinning and electro-spraying mechanisms may compete
depending on the process parameters. Dilute polymer solutions, typically below 7 — 8 wt%,
typically show low solution viscosities and experience jet breakdown during prolonged
electrospinning procedures (time > 1 hour), therefore, leading to the formation of non-
continuous or beaded nanofibers [216].

wt% solution, 1.8 mL'h™* flow rate, and at 11 kV applied voltage; and (b) PIM-1 nanofibers

obtained for a 5 wt% solution in a 7:3 v/v mixture of TCE:THF, 2-3 mL'h™* flow rate and at 16

kV applied voltage.

In Fig. 5.2b it can be seen that the dissolution of PIM-1 in a solvent mixture containing 30 %
v/v THF to TCE resulted in the formation of continuous PIM-1 nanofibers with little bead
formation. The addition of THF was experimented based on the miscibility of THF and TCE
[193,217].
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5.1.2. Spectroscopy of electrospun PAN and PIM-1 via single-nozzle
electrospinning
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Figure 5.3: Chemical composition analysis of selected polymer nanofibers: FTIR spectra of
electrospun polymer nanofibers collected between 4000 and 400 cm™, (a) PIM-1 nanofibers,
and (b) PAN nanofibers obtained after activation at 200 °C for 16 hours. The PAN nanofibers
were collected at 1.8 mL'h™! flow rate, 11 kV voltage, and 15 cm needle-to-collector distance

and PIM-1 nanofibers collected at 3 mL'h* flow rate, 16 kV voltage, and 16 cm needle-to-
collector distance..

In Fig. 5.3, the major vibrational bands for PIM-1 were observed at wavenumbers of ~1400
cm! for methyl and ethyl groups present in the 5-membered rings of PIM-1 (CH stretch), ~1300
cm for ester groups (C-O-C) and ~900 cm* for ethylenic groups present in the aromatic rings

http://etd.la%vc.ac.za/



of PIM-1 (-CH=CHp) [218]. The FTIR spectrum of PAN also showed typical vibrational bands
at wavenumbers ~1400 cm™* and ~3000 cm™* due to methyl deformation and stretch vibrations
(-CHs) respectively, in the polymer backbone. The vibrational bands at ~2300 cm™ could be
attributed to the presence of cyano groups (-C=N) and —NH groups in the acrylic moieties. It
was, therefore, observable that the chemical composition of both PIM-1 and PAN was
maintained post-electrospinning as their FTIR spectra were consistent with those reported in

literature.

In section 5.1.3, the textural properties (surface area and pore volume) of the electrospun PAN

and PIM-1 nanofibers were determined from N2 adsorption/desorption isotherms at 77 K.

5.1.3. Textural properties of electrospun PAN and PIM-1 nanofibers prepared
via single-nozzle electrosptinning
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Figure 5.4: N2 adsorption/desorption isotherms for electrospun PAN and PIM-1 nanofibers
obtained under optimized process parameters (Chapter 3, Table 3.2). The PAN nanofibers
were collected at 1.8 mL-h! flow rate, 11 kV voltage, and 15 cm needle-to-collector distance

and PIM-1 nanofibers collected at 3 mL'h™ flow rate, 16 kV voltage, and 16 cm needle-to-

collector distance.

http://etd.la%/vc.ac.za/



The results in Fig. 5.4 showed that the N> adsorption isotherm obtained for PAN nanofibers
showed no adsorption at low relative pressure and gradually increased with increasing pressure.
The type of isotherm is classified as Type I1l, as described by the IUPAC (International Union
of Pure and Applied Chemistry) classification, which are typically observed on non-adsorbent
or non-porous materials with the observed adsorption towards p/po = 1 resulting from
macropores present in the material such as voids or interparticle spaces [39]. The desorption
isotherm was found to coincide with adsorption isotherm, showing fully reversible behaviour
with no evidence of hysteresis. The non-porous nature of PAN nanofibers was also observed
on Fig. 5.5 as no peaks were observable in the micropore region (2 — 20 A), but in the mesopore
region (20 — 50 A) some degree of porosity could be observed as the incremental pore volume
at the pore widths of ~26 — 80 A was ~0.005 cm®g™. In Fig. 5.2, it can be seen that the
electrospun nanofibers formed a three-dimensional network consisting of void or inter-fiber
spaces that were greater than 200 nm in diameter. The three-dimensional structure is an
intrinsic property of electrospun nanofiber mats and may provide a permanent porosity present
in the mat, but not on the surface of the nanofiber, with meso- to macro-sized openings, as
nanofibers have been shown to have size exclusion properties when applied in filter
technologies [167,219]. The N2 adsorption isotherm obtained for PIM-1 showed a combination
of two types of isotherms, a Type I(a) portion characterized by a steep adsorption at low relative

pressure (p/po << 0.1) and a Type I portion from the point of inflection to p/po = 1.

Indeed the pore size distribution in Fig. 5.5 showed micropores with pore sizes at 6, 8, and 13
A that are consistent with typical pore sizes reported in literature for PIM-1 [111,112,184,220].
In the mesopore region, the pore size distribution curve was found to show similar behaviour
to that of the PAN nanofibers and this could be attributed to the nanofiber mat consisting of a

three-dimensional structure with a permanent porosity formed by overlaying of the nanofibers.
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Figure 5.5: Pore size distribution curves for PAN and PIM-1 nanofibers obtained under
optimum electrospinning parameters (Chapter 3, Table 3.2). The selected area (black)
represents the micropre region ranging from 2 — 20 A. The PAN nanofibers were collected at
1.8 mLh? flow rate, 11 kV voltage, and 15 cm needle-to-collector distance and PIM-1
nanofibers collected at 3 mL-h* flow rate, 16 kV voltage, and 16 cm needle-to-collector

distance.

The mesoporosity observed could be associated with the Type Il portion of the PIM-1 N>
adsorption isotherm. The N2 desorption isotherm of PIM-1 (Fig. 5.3) was found not to overlap
with the adsorption isotherm, showing a big hysteresis loop from p/p, = 1 down to p/po = 0.
The appearance of a hysteresis loop indicated a possible hierarchical and complex pore
structure within PIM-1. The type of hysteresis loop could be identified as a Type H4 loop which
is a common feature of micro-mesoporous carbon-based materials. It is also common that Type
H4 loops occur in a combination of Type | and Type Il adsorption isotherms and the broadness
of the hysteresis loop signifies micropores and may be filled with condensed N2 molecules as

the PIM-1 pores may undergo adsorption-induced swelling [184,218,221].
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5.3.1.2. Infrared spectroscopy of electrospun PMMA@PAN nanofibers

The chemical composition of the PMMA@PAN nanofibers was analysed using FTIR, and in
Fig. 5.6 it can be seen that the vibrational bands corresponding to both PAN and PMMA were
observable on the FTIR spectrum of the co-electrospun PMMA@PAN nanofibers.
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Figure 5.6: FTIR spectra obtained for pristine PAN and PMMA granules in comparison to co-
electrospun PMMA@PAN nanofibers (1.8 mLh flow rate; 11 kV voltage; and 15 cm needle-

to-collector distance): (a) as-spun nanofibers; and (b) nanofibers after treatment with acetone.

In Fig. 5.6, the treatment of co-electrospun PMMA@PAN nanofibers with 20 mL aliquots of
acetone resultant in the disappearance of the main vibrational band at ca. 1700 cm™,
characteristic of pristine PMMA. The remaining vibrational bands in the acetone-treated
PMMA@PAN nanofibers showed increased intensities in the vibrational bands matching those
of pristine PAN, i.e. at ca. 2800, 2300, 1500, and 1100 cm™. The FTIR results showed that the
treatment of co-electrospun PMMA@PAN nanofibers with acetone was sufficient to remove
PMMA without affecting the structure of the remaining PAN nanofibers and also with no
changes to the chemical composition of PAN. The results confirm the incorporation of PMMA

in the core region during co-electrospinning.
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5.2. Preparation of MOF/PAN nanofibers by single-nozzle electrospinning

The preparation of MOF/PAN nanofibers was carried out for the incorporation of both UiO-66
and MIL-101(Cr) crystals into the PAN polymer matrix. The optimum electrospinning process
parameters used for the electrospinning of PAN in section 5.1 were also applicable to the
electrospinning of MOF/PAN nanofiber composites using the single-nozzle electrospinning
technique. There were two MOF loadings prepared separately using 8 wt% PAN solution, a 20
and 40 wt% MOF loading. The selection of the two loadings was based on previous studies

carried out in the HySA Infrastructure group and adopted in this study.

0.1 ym
Figure 5.7: SEM images of UiO-66/PAN nanofibers prepared using single-nozzle
electrospinning: (a) UiO-66/PAN nanofibers containing 20 wt% UiO-66 loading; (b) UiO-
66/PAN nanofibers containing 40 wt% UiO-66 loading; (c) TEM image of UiO-66/PAN
nanofiber containing 20 wt% UiO-66 loading; and (d) TEM image UiO-66/PAN nanofiber
containing 40 wt% UiO-66 loading. The nanofibers were collected at 1.8 mL-h* flow rate, 11

kV voltage, and 15 cm needle-to-collector distance

http://etd.laavc.ac.za/



In Fig. 5.7a and Fig. 5.7d, it can be seen that under the selected process parameters, the
MOF/PAN nanofibers consisting of 20 wt% UiO-66 were found to have consistent distribution
of MOF crystals mainly embedded within the PAN matrix with small amounts observed on the
surface of the nanofibers. The nanofibers containing 40 wt% UiO-66 were observed to have
inconsistent fiber diameters ranging from 1 up to about 15 pm due to the formation of
aggregates within the PAN nanofiber, as shown in Fig. 5.6c. Based on the results, a MOF

loading of 20 wt% was selected for further electrospinning experiments in the study.

In Fig. 5.8 the TEM image was marked (SOI 1 particle) for analysis of a section of the UiO-
66/PAN nanofiber in order to qualitatively determine the chemical composition of the observed
crystals using EDX analysis. The EDX spectrum showed that the selected region
predominantly consisted of zirconium (Zr) metal and carbon as they exhibited the most intense
peaks compared to other identified elements. The identification of copper (Cu) could be due to
the sample grid background and a chromium (Cr) peak was found to overlap with oxygen (O).
The possibility for the presence of Cr in the sample could have been significant and resulted
from cross-contamination since the electrospinning experiments were also carried out on MIL-
101(Cr)/PAN nanofibers. It is, however, evident that the major element consisted of Zr

elements due to the presence of UiO-66 crystals within the PAN matrix.

SOI 1 particle

0:1 pm { s Cursor cts) 3

Figure 5.8: TEM image and EDX spectrum of UiO-66/PAN nanofiber containing 20 wt% UiO-
66 loading. The spectrum refers to the particles marked as “SOI I particle” on the TEM image.
The nanofibers were collected at 1.8 mL'h™* flow rate, 11 kV voltage, and 15 cm needle-to-

collector distance
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In addition to imaging, the incorporation of UiO-66 and MIL-101(Cr) onto electrospun PAN
nanofibers were further investigated by FTIR, PXRD and TG analysis by comparing the results
obtained for the composite nanofibers to that of pristine MOF and polymer materials.
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Figure 5.9: Comparison of FTIR spectra: (a) UiO-66 powder, PAN nanofiber, and UiO-
66/PAN nanofiber composite; and (b) MIL-101(Cr) powder, PAN nanofiber, and MIL-
101/PAN nanofiber composite. The nanofibers were collected at 1.8 mL'h™* flow rate, 11 kV

voltage, and 15 cm needle-to-collector distance

In Fig. 5.9, the FTIR spectra showed that both the UiO-66/PAN and MIL-101/PAN nanofiber
composites consisted of overlapping vibrational bands with those of PAN, pristine UiO-66,
and MIL-101(Cr) respectively. There were also no evident additional or absent vibrational
bands in FTIR spectra of both MOF/PAN nanofiber composites, meaning there was no
chemical bonding that was observable. It could, therefore, be proposed that the UiO-66 and
MIL-101(Cr) crystals were embedded by physical attachment to the PAN matrix. The PXRD
patterns in Fig. 5.10 also showed evidence of the incorporation of UiO-66 and MIL-101(Cr)
into the PAN matrix as the XRD patterns of the MOF/PAN nanofibers contained the diffraction
peaks of the constituent MOF and PAN. It was, however, observable that the PXRD patterns

of the MOF/PAN composites contained a significant portion of amorphous character (hump)
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that was consistent with PAN. Such an observation could provide additional evidence to the
distribution of the MOFs within the PAN surface, as was observed in Fig. 5.8 and 5.9.
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Figure 5.10: Comparison of the PXRD patterns for MOF/PAN nanofiber composites to that of
the pristine materials: (a) PAN, UiO-66, and UiO-66/PAN, and (b) PAN, MIL-101(Cr), and
MIL-101/PAN. The nanofibers were collected at 1.8 mL-h* flow rate, 11 kV voltage, and 15

cm needle-to-collector distance

The presence of cyano groups in PAN enable the polymer to undergo thermal cross-linking
whereby bond breakages in -C=N moeties result in the formation of —C=N- and hydrogen-
bonding —-N-H bonds between the polymer chains [222]. The cross-linking affords PAN a
significantly higher thermal stability of about 600 °C compared to most hydrocarbon polymers
[223-225]. Indeed the results in Fi g. 5.11 showed a two-step decomposition of PAN initially
at ~300 °C and then followed by complete decomposition at 600 °C. The thermal stability of
the UiO-66/PAN composite showed a slightly lower thermal stability of ~500 °C compared to
pristine PAN. The thermal stability of the MIL-101/PAN composite was even lower at ~450
°C. In both composites, however, the initial decomposition step of PAN was unaffected as it

was observed to occur at ~300 °C irrespective of the MOF.
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Figure 5.11: Comparison of the TGA curves for MOF/PAN composites to pristine MOFs and
PAN nanofibers: (a) UiO-66/PAN, and (b) MIL-101/PAN. The analysis was carried up to 1000
°C in air. The nanofibers were collected at 1.8 mL-h* flow rate, 11 kV applied voltage and 15

cm needle-to-collector distance

The observed behaviour could mean that the cross-linking of PAN was not affected by the
removal of DMF solvent molecules in MIL-101(Cr) and the removal of H.O during
dehydroxylation of UiO-66, as were both discussed in Chapter 4. The temperatures at which
the MOF framework decomposed could be assumed to accelerate the decomposition of the
PAN matrix.
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In Fig. 5.12, 5.13, and Table 5.1, the textural properties of the MOF/PAN nanofibers were
compared to that of the pristine MOFs. It was earlier proposed that the incorporation of MOF
crystals into the PAN nanofibers was through physical adherence to the PAN matrix, as no
evidence of chemical interactions were observable on FTIR spectra. This meant that the
combined or effective physical properties of the MOF/PAN nanofibers could expectedly be
governed by the law of mixtures. Taking this assumption into consideration would mean that
the properties of MOF/PAN nanofibers were dependent on the proportion (%) of each
constituent in the composite. In Fig. 5.12, it can be seen that both the N2 isotherms obtained
for UiO-66/PAN and MIL-101/PAN composites were consistent with the Type Il isotherm
obtained for PAN nanofibers (Fig. 5.4), which could signify a large proportion of the
MOF/PAN nanofiber composites as non-porous. Indeed the MOF loading in each composite

was limited at 20 wt% with respect to the polymer concentration.

700 A
600 -
500 A

400 1 £

—&— MIL-101@PAN (adsorption)
=== MIL-101@PAN (desorption)
¥— UiO-66@PAN (adsorption)

UiO-66@PAN (desorption)
—fi— UiO-66 (adsorption)
== UiO-66 (desorption)
—#— MIL-101(Cr) (adsorption)
=== \IL-101(Cr) (desorption)

Quantity adsorbed (cm®.g™, STP)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0

Relative pressure (p/p,)

Figure 5.12: N2 adsorption/desorption isotherms obtained for UiO-66/PAN and MIL-101/PAN
in comparison to pristine UiO-66 and MIL-101(Cr). The nanofibers were collected at 1.8 mLh
! flow rate, 11 kV applied voltage and 15 cm needle-to-collector distance
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Figure 5.13: NLDFT pore size distribution curves for UiO-66/PAN and MIL-101/PAN in
comparison to pristine UiO-66 and MIL-101(Cr). The nanofibers were collected at 1.8 mL-h!

flow rate, 11 kV applied voltage and 15 cm needle-to-collector distance
In Table 5.1, the BET surface area of UiO-66/PAN was found to be 8% that of pristine UiO-
66, and MIL-101/PAN only 6% that of pristine MIL-101(Cr). Studies conducted by Ren et al.

[226], reported UiO-66/PAN and MIL-101/PAN nanofibers with about 60% the BET surface
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areas of their respective pristine UiO-66 and MIL-101(Cr). The latter findings, however, were
based on a combination of incorporating the MOFs followed by post-spinning heat-treatment
under vacuum to induce the formation of pores on the surface of the PAN nanofibers. In that
study, the heat-treatment was done at 280 °C, which was not ideal in the current study as it was
shown in Chapter 4 that high-temperature activation of UiO-66 could significantly compromise
its mechanical stability. The nanofibers prepared in this study were envisaged to be used as
binders for the pelletization of UiO-66-based composites, and hence could not be activated at
280 °C. The MIL-101/PAN nanofibers were, however, observed to exhibit a Type H1
hysteresis loop which was also evident in pristine MIL-101(Cr) and a pore volume of 0.44
cm®g ! compared to 0.096 cm®*g obtained for UiO-66/PAN nanofibers. It can be seen in Fig.
5.12 and Table 5.1 that the pore volume of MIL-101(Cr) was higher compared to that of UiO-
66, and hence it could be expected that UiO-66/PAN would also show lower pore volumes
compared to MIL-101/PAN.

Table 5.1: Summary of the BET report obtained for MOF@PAN nanofibers prepared via

single-nozzle electrospinning in comparison to pristine UiO-66 and MIL-101 powders.

Isotherm property Sample

MIL-101/PAN | UiO-66/PAN | UiO-66 MIL-101(Cr)
BET surface area (m?g™)?2 142 116 1413 2151

(43) (42) (1260) (479)

NLDFT  pore volume 0.44 0.096 0.61 1.16
(cm3g)P (0.016) (0.014) (0.50) (0.18)
Slope (gcm™3, STP) 0.03742 0.03031 0.003079 0.001998
Y-intercept (gcm3, STP) 0.000276 0.000381 0.000001 0.000026
Qm (cm3gL, STP) 33 27 325 494
Correlation coefficient 0.9999 0.9999 0.9999 0.9998

dvalues in parentheses are given for the t-plot micropore surface area; "values in parentheses are given for the t-plot micropore volume.
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The results observed for the MOF/PAN nanofibers prepared by single-nozzle electrospinning
showed that a low MOF loading of 20 wt% in the composite could result in textural properties
much lower in comparison to the pristine MOF powders. A method to improve the MOF
loading, without possibly compromising the morphology of the nanofibers, could be achieved
through coaxial electrospinning of MOF/X@PAN (X = PS or PMMA) composites followed

by selective removal of the core polymer (X). The results are discussed in section 5.3.

5.3. Preparation of core-shell MOF/polymer nanofibers by coaxial
electrospinning

This section reports on the preparation of core-shell MOF/X@PAN nanofibers via coaxial
electrospinning. The aim was to electrospin two solutions containing 20 wt% MOF
simultaneously followed by selective removal of the core polymer (X) by immersing the
nanofibers in acetone to remove PMMA, and chloroform to remove PS. Section 5.3.1 reports
on the preparation of core-shell PMMA@PAN nanofibers without the addition of MOFs in
order to validate whether the PMMA core could be completely removed through the PAN shell
by immersing the PMMA@PAN composite in acetone. In section 5.3.2, UiO-66 was initially
incorporated into the core polymer forming UiO-66/PMMA@PAN nanofibers and then
incorporated into core and shell to form UiO-66/PMMA@UiO-66/PAN nanofibers. The
textural properties of the two composites were measured before and after PMMA removal. In
section 5.3.3, PS was used as an alternative core polymer to PMMA due to its cost-
effectiveness and its comparatively good electrospinning properties. Based on the results
obtained in section 5.3.2, MIL-101 was incorporated into the core and shell to form MIL-
101/PS@MIL-101/PAN nanofibers.

5.3.1. Electrospinning of core-shell PMMA@PAN nanofibers

5.3.1.1. Electron microscopy of electrospun PMMA@PAN nanofibers

The TEM images in Fig. 5.14 showed a consistent contrast along the length of the nanofibers
which consisted of a dark inner/core region. The diameter of the nanofibers were about 1 um

with the core region ranging between ~200 nm to 800 nm.
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Figure 5.14: TEM images of co-electrospun PMMA@PAN nanofibers collected at a flow rate
of 1.8 mLh*at an applied voltage of 11 kV and 15 cm distance from the needle tip to the Al

screen collector.

In Fig. 5.15 it can be seen that the treatment of PMMA@PAN nanofibers with 20 mL aliquots
of acetone resulted in PAN nanofibers with reduced diameters of about 300 nm from the
original ~1 pm initially observed in the as-spun core-shell PMMA@PAN nanofiber composites
(Fig. 5.15). This could suggest a possible collapse of the core region during the dissolution of
PMMA in acetone, which may be further enhanced by the evaporation of acetone from the
nanofibers during drying. The resultant PAN nanofibers were also observed to be flattened
after PMMA removal, which could further confirm the collapse of the core region. Also the
core-shell structure was not evident in the acetone-treated nanofibers, which could be a strong
indication for the removal of the core region. The results could be used to confirm that PMMA
was incorporated in the core region during co-electrospinning by FTIR analysis to determine

the chemical composition of the co-electrospun nanofibers after treatment with acetone
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Figure 5.15: TEM images of co-electrospun PMMA@PAN nanofibers (collected at 1.8 mLh-
! flow rate, 11 kV applied voltage and 15 cm needle-to-collector distance) after treatment with

20 mL aliquots of acetone.

5.3.1.3. Thermogravimetric analysis of electrospun PMMA@PAN nanofibers

In Fig. 5.16, the TGA profile of the PMMA@PAN nanofibers was also found to be a
combination of the TGA profiles of the pristine PAN and PMMA granules, with the initial
decomposition around 400 °C corresponding to the complete decomposition of PMMA, and
the PAN component of the composite was found to decompose from 400 to about 620 °C.
There was no residual material obtained beyond 620 °C for the co-electrospun PMMA@PAN,

PAN, and PMMA, suggesting complete decomposition under the specified conditions.
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Figure 5.16: Thermal decomposition of core-shell PMMA@PAN in comparison to pristine
PMMA and PAN nanofibers (1.8 mLh* flow rate; 11 kV voltage; and 15 cm needle-to-collector
distance). TGA profiles were obtained under 100 mL'min"* air flow and 10 °C'min’ ramp rate.
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Figure 5.17: Thermal decomposition of core-shell PMMA@PAN after treatment with acetone

in comparison to pristine PMMA and PAN nanofibers (1.8 mL-h flow rate; 11 kV voltage; and

15 cm needle-to-collector distance). TGA profiles were obtained under 100 mL'min™ air flow

and 10 °C'min’! ramp rate.
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In Fig. 5.17 the TGA profile of the co-electospun nanofibers was observed to match the TGA
profile of pristine PAN, showing little evidence of a combination of the PMMA profile. This
showed that the acetone treatment possibly removed all the PMMA in the core region,
assuming an uniform distribution and constant diameter of the PMMA core in all the co-
electrospun PMMA@PAN nanofibers.

The results in provided in section 5.3.1 showed proof of the preparation of core-shell
PMMA@PAN nanofibers whereby the PMMA core could be selectively removed using
acetone. In section 5.3.2, the core-shell nanofibers were prepared with MOF loading of 20 wt%

and analysed in a similar manner to the PMMA@PAN nanofibers.

5.3.2. Electrospinning of core-shell UiO-66/PMMA@PAN and UiO-
66/PMMA@UIO-66/PAN nanofibers

This section initially reports on the electrospinning of UiO-66/PMMA@PAN nanofibers where
20 wt% UiO-66 was loaded in core PMMA solution and not in the PAN solution.

5.3.2.1. Electron microscopy of care-shell UiO-66/PMMA@PAN nanofibers

The SEM and TEM images in Fig. 5.18 showed the UiO-66/PMMA@PAN nanofibers were
electrospun with negligible formation of beads using the optimum process parameters
described in Chapter 2. In order to determine the location and distribution of the UiO-66
crystals within the nanofibers, during TEM analysis the sample grid was rotated 180° and the
positions of the MOF crystals monitored after rotation in relation to their original positions. In
this particular case, the agglomerate/lump in Fig. 5.18d was used as reference throughout the
rotation. In Fig. 5.19 the full rotation is shown in a series of images beginning at a position

marked “-20” to “19” signifying the 180° rotation.
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Figure 5.18: Microstructural images of core-shell UiO-66/PMMA@PAN nanofibers where the
Ui0O-66 powder was only added to the PMMA solution prior to electrospinning: (a) — (b) SEM
images, and (c) — (d) TEM images. The nanofibers were collected at 1.8 mL-h’* flow rate, 11

kV voltage, and 15 cm needle-to-collector distance.

It can be seen in Fig. 5.19 that the core region was not evident at the “-20” starting position,
however as the sample was rotated through 180° (“19” position) there was a clearly observable
darker region in the core of the nanofiber. By monitoring the position of UiO-66 lump it could
be proposed that there were no positional changes that occurred during the rotation, and that
the observation could be most likely possible given the lump was situated in the core region of
the nanofiber. It is, however, acknowledge that there was no control over the distribution of the
UiO-66 crystals prior and during the electrospinning process. It can, therefore, also be accepted
that the UiO-66 crystals could have distributed randomly on the surface of the nanofiber. The
fact that the UiO-66 crystals were intentionally included in the core PMMA solution prior to
electrospinning may possibly provide a way to distribute the majority of the UiO-66 crystals

in the core region, but the possibility of random distribution could not be ignored.
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Figure 5.19: TEM images of as-spun UiO-66/PMMA@PAN nanofibers where UiO-66 was
only added to the PMMA solution prior to electrospinning. The nanofibers were collected at
1.8 mLh* flow rate, 11 kV voltage, and 15 cm needle-to-collector distance The sample was
rotated by moving the sample grid at 180° relative to the lenses starting at image (a) to (i).
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The removal of PMMA from UiO-66/PMMA@PAN nanofibers was found to result in
flattened UiO-66/PAN nanofibers (Fig. 5.20 and Fig. 5.21), consistent with the observations
made on PMMA@PAN nanofibers. In addition, the TEM images in Fig. 5.21 showed that the
uniform distribution of UiO-66 crystals, initially observed before acetone treatment, could not
be observed after acetone treatment. The UiO-66 crystals were observed to form
lumps/agglomerates within the resultant PAN nanofibers as seen in both Fig. 5.20 and Fig.
5.21. This could suggest that the UiO-66 crystals were shifted out of their initial positions
during the dissolution of PMMA in acetone or alternatively the individual crystals observed in
Fig. 5.19 could have been leached out of the PAN, leaving behind the UiO-66 lumps. Also
noticeable were breakages across the diameter of the nanofibers (Fig. 5.21) that were not
observable on the SEM images (Fig. 5.20). In TEM analysis, one of the prerequisite sample
preparation methods is the dispersion of the sample in a solvent such as methanol followed by
ultrasonication for at least 30 minutes. It is, therefore, more likely that the observed breakages
resulted from the sample preparation rather than the effects of PMMA removal using acetone.
The same analysis was then done for the incorporation of UiO-66 in the core and shell polymer
solutions so as to prepare UiO-66/PMMA@UiO-66/PAN nanofiber composites. This would
represent a higher loading of UiO-66 compared to the UiO-66/PMMA@PAN nanofibers.

Z J & - H :
Figure 5.20: SEM image of UiO-66/PMMA@PAN nanofibers after treatment with acetone.
The nanofibers were collected at 1.8 mL'h' flow rate, 11 kV voltage, and 15 cm needle-to-

collector distance.

http://etd.ll‘:j?/vc.ac.za/



The nanofibers were collecte

collector distance.

The SEM images in Fig. 522 ‘and _5';23! sh_oy\/;eg tggt the -ir;q‘reiisegl.‘_LJiO-GG loading not only
caused significant agglomeration of the UiO-66 crystals within the nanofiber matrix (Fig. 5.22),
but also after PMMA removal, the remaining PAN nanofiber exhibited significant physical
damage along the length of the nanofibers (Fig. 5.23). The nanofibers in Fig. 5.23 also did not
show evidence of a flattened morphology such as observed in PMMA@PAN and UiO-
66/PMMA@PAN nanofibers. There was a clear indication of the leaching of UiO-66 crystals
that were observable on the surface of the nanofibers after PMMA removal (Fig. 5.23), which
were not observed before PMMA removal (Fig. 5.22).
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Figure 5.22: SEM and STEM images of as-spun core-shell UiO-66/PMMA@UiO-66/PAN
nanofibers with 20 wt% UiO-66 loadings in each polymer. The nanofibers were collected at

1.8 mL'ht flow rate, 11 kV voltage, and 15 cm needle-to-collector distance

These observations could be explained by considering the results in Fig. 5.16 which showed
that the removal of PMMA was accompanied by a significant collapse along the diameter of
the remaining PAN nanofibers. The nanofibers were found to possibly collapse down to 30%
of the original diameter of PMMA@PAN nanofibers. Given the increased UiO-66 loading in
UiO-66/PMMA@UIO-66/PAN nanofibers, and the significant amount of UiO-66
agglomerates present within the nanofibers, it could be expected that collapsing of the
remaining PAN nanofibers onto the mechanically robust UiO-66 crystals could result in
rupturing of the nanofiber surface, as observed in Fig. 5.23. The leaching of UiO-66 crystals
would make it difficult to determine the remaining UiO-66 loading after PMMA removal. A
non-destructive method of selectively removing the core polymer would be required to ensure

a measurable UiO-66 loading.
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nanofibers were collected at 1.8 mL-h flow rate, 11 kV voltage, and 15 cm needle-to-collector

distance

In addition to imaging, the incorporation of UiO-66 in the core-shell nanofibers was also
analysed by FTIR, PXRD, and TGA in order to confirm the presence of the UiO-66 crystals

within the nanofibers.

5.3.2.2. Crystallography and spectroscopy of core-shell UiO-66/PMMA@PAN
and UiO-66/PMMA@UIi0-66/PAN nanofibers

In Fig. 5.24 the PXRD patterns and FTIR spectra (Fig. 5.25) for UiO-66/PMMA@UiO-
66/PAN nanofibers were consistent with those of the constituent UiO-66, PMMA and PAN
materials, showing successful incorporation of UiO-66 crystals in the nanofibers. In the single-
nozzle electrospinning of UiO-66/PAN, it was shown in Fig. 5.10 that the PXRD pattern of the
composite exhibited a high degree of amorphous character due to the UiO-66 crystals being
embedded within the nanofiber matrix.
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In Fig. 5.24 a similar result was observed on the UiO-66/PMMA@UiO-66/PAN nanofibers.
After PMMA removal using acetone, the amorphous character of the PXRD pattern was found
to diminish, and sharper peaks were prevalent in the PXRD pattern. The sharp peaks were also
matching with those of pristine UiO-66. This could indicate the presence of UiO-66 crystals
on the surface of the nanofibers after PMMA removal, an observation that was also evident in
Fig. 5.24.

5 10 15 20 25 20 35 40 45 50 55 €0

- — UiOLE@PMMA+UID-CE@PAN A
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- Ui0-88@PMMA+UIOR PAN

TR\

Intensity (a.u.)

- —FAN g
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Figure 5.24: PXRD patterns for UiO-66/PMMA@UiO-66/PAN in comparison to pristine PAN,
PMMA and UiO-66. The nanofibers were collected at 1.8 mL'h! flow rate, 11 kV voltage, and
15 cm needle-to-collector distance
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Figure 5.25: FTIR spectra for UiO-66/PMMA@UIO-66/PAN in comparison to pristine PAN,
PMMA and UiO-66. The nanofibers were collected at 1.8 mL'h* flow rate, 11 kV voltage, and
15 cm needle-to-collector distance

5.3.2.3. Thermogravimetric analysis of core-shell UiO-66/PMMA@PAN
nanofibers

In Fig. 5.26, the thermal behaviour of the UiO-66/PMMA@PAN and UiO-66/PMMA@UiO-
66/PAN nanofibers were also found to be a combination of the behaviour of the component
pristine materials as previously shown in section 5.3.1. After PMMA removal, the TGA
profiles of the acetone-treated UiO-66/PMMA@UiO-66/PAN nanofibers were found to be
consistent with that of pristine PAN, indicating the removal of PMMA from the nanofibers.
This observation was not evident in the UiO-66/PMMA@PAN nanofibers which suggested
that the removal of PMMA was not done to completion in the analysed sample. The incomplete
removal of PMMA could be due to a non-uniform distribution of PMMA nanofibers throughout
the length of the core-shell UiO-66/PMMA@PAN nanofibers.
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Figure 5.26: TGA profiles for core-shell nanofibers in comparison to pristine UiO-66, PMMA,
and PAN: (a) UiO-66/PMMA@UiO-66/PAN, and (b) UiO-66/PMMA@PAN nanofibers. The
nanofibers were collected at 1.8 mL-h™* flow rate, 11 kV voltage, and 15 cm needle-to-collector

distance

In section 5.3.3, the comparison of the textural properties of the core-shell nanofiber
composites were used to confirm whether the removal of PMMA would result in an increase
in the MOF loading.
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5.3.3. Textural properties of core-shell UiO-66/PMMA@PAN and UiO-
66/PMMA@UiO-66/PAN nanaofibers

The interaction of MOFs and the polymer nanofiber surface was observed to resemble a
physical type of interaction with no apparent chemical bonding observed or suggested from
FTIR and PXRD data. In this case, the adsorption properties of the core-shell MOF/polymer
nanofibers were proposed to be governed by the law of mixtures. This meant that in order to
improve the surface areas and pore volumes obtained in Table 5.1, the MOF loading had to be
increased. Given that the statement is acceptable, it would mean that surface areas and pore
volumes higher than those reported in Table 5.1 would be an indication of improved UiO-66

loadings in the core-shell nanofibers.
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Figure 5.27: N2 adsorption/desorption isotherms at 77 K obtained for core-shell UiO-
66/PMMA@PAN and UiO-66/PMMA@UiO-66/PAN nanofiber composites. The open symbols
represent the desorption curves. The nanofibers were collected at 1.8 mL-h™* flow rate, 11 kV

voltage, and 15 cm needle-to-collector distance.

In Fig. 5.27 the N2 adsorption isotherm of UiO-66/PMMA@PAN was consistent with Type 111
adsorption, and no hysteresis was observed due to the high content of the non-porous polymers
PAN and PMMA. The removal of PMMA resulted in Type Il adsorption where there was a
significant amount of N adsorption at low pressure followed by a gradual increase up to p/po
= 1. The increase in the low pressure adsorption could have indicated an increased UiO-66
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loading due to the removal of PMMA since pristine UiO-66 typically shows Type | adsorption
isotherms. The Type Il isotherm observed for the remaining UiO-66/PAN (after PMMA
removal) could be best described as a combination of Type | and Type |11 adsorption behaviour
due to contributions of the highly microporous UiO-66 and the non-porous PAN. In the UiO-
66/PMMA@UIO-66/PAN composite Type | adsorption was evident as shown by the high N2
adsorption at low relative pressure (p/po). The observed adsorption behaviour of the UiO-
66/PMMA@UI0O-66/PAN could be attributed to the increased amount of UiO-66 present in
the core and shell regions of the nanofibers, compared to UiO-66/PMMA@PAN nanofibers
where the UiO-66 was present in the core region only. Upon removal of PMMA in UiO-
66/PMMA@UIO-66/PAN, the isotherm remained Type |, however, the low pressure
adsorption (i.e. monolayer capacity, Qm) was improved and a Type H1 hysteresis loop was

evident.

The result showed an improvement in the porosity of the nanofiber composite and in Fig. 5.28
the micropores at ~6 A were also observable owing to the exposed UiO-66 crystals on the
surface of the nanofibers, after PMMA removal (Fig. 5.23). In Table 5.2 it can be seen that the
removal of PMMA from UiO-66/PMMA@PAN improved the surface area and pore volume
by 70% and in UiO-66/PMMA@UiO-66/PAN nanofibers the surface area improved by 17%
and pore volume by at least 30%. The highest surface area of 508 m?g* obtained in the core-
shell nanofibers was, however, only 36% of the surface area of pristine UiO-66 powder.
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Figure 5.28: NLDFT pore size distribution curves for core-shell UiO-66/PMMA@PAN and
UiO-66/PMMA@UiO-66/PAN nanofibers: (a) micropore region (pore size < 20 A), and (b)
mesopore and macropore region (pore size > 20 A). The nanofibers were collected at 2 mLh-

! flow rate, 11 kV voltage, and 15 cm needle-to-collector distance
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Table 5.2: Summary of the BET report obtained for core-shell UiO-66/PMMA@PAN and

UiO-66/PMMA@UiIO-66/PAN nanofibers.

Isotherm property Nanofiber sample
Uio- uUio- UiO-66/ uUio-
66/PMMA@ 66/PMMA@ PMMA@PAN 66/PMMA@
PAN UiO-66/PAN _Acetone uUio-
66/PAN_Acetone
BET surface area (m2.g1)?2 31 421 106 508
) (300) (0.4) (361)
NLDFT pore volume (cm®.g™1)° 0.038 0.26 0.17 0.37
(-0.0006) (0.12) (-0.0003) (0.14)
Slope (g.cm™, STP) 0.1391 0.01031 0.004077 0.00855
Y-intercept (g.cm=, STP) 0.001827 0.000025 0.000427 0.000019
Qm (cmi.g?, STP) 7 97 24 117
Correlation coefficient 0.9997 0.9999 0.9998 0.9999

avalues in parentheses are given for the t-plot micropore surface area; Pvalues in parentheses are given for the t-plot micropore volume.

5.4. Coaxial electrospinning of MIL-101(Cr)-based nanofibers

The results in section 5.3 showed that the incorporation of UiO-66 into the core and the shell

provided higher surface areas and pore volumes compared to the incorporation of UiO-66 in

the core region only. Due to the limitation of synthesizing MIL-101(Cr) in small yields, as

mentioned in chapter 2, it was decided that the MIL-101(Cr) powder would be incorporated in

the core and shell via coaxial electrospinning and a comparison made of the surface areas of

the nanofibers and pristine MIL-101(Cr) after its treatment with chloroform. The chloroform

was used in small quantities in order to remove PS from co-electrospun MIL-101/PS@MIL-
101@PAN nanofibers. In section 5.4.1, the study reports on the treatment of MIL-101(Cr)
powder with chloroform and monitored possible changes to chemical composition and textural

properties (surface area and pore volume).
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5.4.1. Spectroscopy and textural properties of MIL-101(Cr) powder after
treatment with chloroform

The results in Fig. 5.29, 5.30 and Table 5.3 showed that the treatment of MIL-101(Cr) with
chloroform did not change its chemical composition and textural properties. After treatment
with chloroform, the surface area and pore volume of MIL-101(Cr) was 92% and 109%
respectively, compared to the untreated MIL-101(Cr) powder. The slight differences could be
attributed to the appearance of the pore sizes around 34 A after treatment of the MIL-101(Cr)
powder with chloroform. The chloroform could replace solvent molecules (water) that were

strongly adsorbed within the pores, which could have been difficult to remove with acetone
treatment alone.
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Figure 5.29: FTIR spectra of MIL-101(Cr) powder before and after treatment with chloroform.
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Figure 5.30: Textural properties of MIL-101(Cr) powder after treatment with chloroform in
comparison to non-treated MIL-101(Cr) powder: (a) N2 adsorption/desorption isotherms, and
(b) NLDFT pore size distributions.
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Table 5.3: Summary of the BET report obtained for pristine MIL-101(Cr) and MIL-101(Cr)

treated with chloroform.

Isotherm property MIL-101(Cr) sample
MIL-101 as- MIL-101(Cr) after
synthesized CHCls treatment

BET surface area (m?.g%)?2 2151 (479) 1983 (430)

NLDFT pore volume (cm3.g™t)° 1.16 (0.18) 1.26 (0.13)

Slope (g.cm?, STP) 0.001998 0.002169

Y-intercept (g.cm=3, STP) 0.000026 0.000026

Qm (cmé.g?, STP) 494 456

Correlation coefficient 0.9998 0.9997

avalues in parentheses are given for the t-plot micropore surface area; “values in parentheses are given for the t-plot micropore volume.

The characterization of MIL-101/PS@MIL-101/PAN nanofibers (Fig. 5.31 to 5.35) was found
to be consistent with the observations made on UiO-66/PMMA@UiO-66/PAN nanofibers. The
incorporation of MIL-101 into the nanofibers and removal of PS were confirmed by PXRD
and FTIR analysis as shown in Fig. 5.32 and Fig. 5.33 respectively. After the removal of the
core polymer, PS, the resultant nanofibers were found to rupture, exposing MIL-101 crystals
on the surface of the nanofibers (Fig. 31). After the removal of PS, meaning after treatment of
the core-shell nanofibers with chloroform, the morphology of the remaining MIL-101/PAN
nanofibers was vastly different to that observed for core-shell UiO-66/PAN nanofibers (Fig.
5.23). The rupturing observed after the removal of PS was more severe in the remaining PAN
nanofibers, there was a high degree of MIL-101(Cr) crystals exposed on the surface of the PAN
surface (Fig. 5.31). This could show that chloroform was more destructive in removing the core

material in comparison to acetone.
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Figure 5.31: SEM images of MIL-101/PS@MIL-101/PAN nanofibers: (a) as-spun, and (b)
after treatment with chloroform.
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Figure 5.32: PXRD patterns for MIL-101/PS@MIL-101/PAN in comparison to pristine MIL-
101(Cr) and PAN.
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Figure 5.33: FTIR spectra for MIL-101/PS@MIL-101/PAN in comparison to pristine MIL-
101(Cr) and PAN.
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Figure 5.34: TGA of MIL-101/PS@MIL-101/PAN in comparison to pristine materials. The

nanofibers were collected at 1.8 mL h* flow rate, 11 kV voltage, and 15 cm needle-to-collector
distance
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Figure 5.35: (a) N2 adsorption/desorption isotherms and (b) NLDFT pore size distribution
curves for MIL-101/PS@MIL-101/PAN in comparison to pristine MIL-101(Cr). The
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The removal of PS from MIL-101/PS@MIL101@PAN was also observed to increase the low-
pressure adsorption (monolayer capacity, Qm) of the nanofiber composite. The surface area and
pore volume were only 30% in comparison to that of pristine MIL-101(Cr), possibly due to the
leaching of MIL-101 crystals after chloroform treatment.

Table 5.4: Summary of the BET report obtained for MOF@PAN nanofibers prepared via
single-nozzle electrospinning in comparison to pristine UiO-66 and MIL-101 powders.

Isotherm property MIL-101(Cr) nanofiber sample
MIL-101/PS@MIL- | MIL-101/PS@MIL-
101/PAN 101/PAN_CHClI;

BET surface area (m?2.g%)?2 148 (19) 570 (76)

NLDFT pore volume (cm3.g™t)° 0.18-(0.0036) 0.42 (0.024)

Slope (g.cm?3, STP) 0.02903 0.00754

Y-intercept (g.cm3, STP) 0.000489 0.000093

Qm (cmi.g?, STP) 34 131

Correlation coefficient 0.9999 0.9998

avalues in parentheses are given for the t-plot micropore surface area; “values in parentheses are given for the t-plot micropore volume.

Regardless of the low surface areas obtained in UiO-66- and MIL-101-based core-shell
nanofiber composites, the results did show that the selective removal of core polymers using
solvents was possible and could likely improve the MOF loading without affecting the
adsorption properties of the MOF. The drawback, however, was the destructive nature of the
solvent-based method as both UiO-66 and MIL-101 were observably leached out of the
nanofibers when 20 wt% of the MOF was loaded into the core and shell regions of the

nanofibers.
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5.5. Hydrogen adsorption properties of electrospun MOF/PAN nanofibers

The nanofibers showing the highest surface areas and pore volumes were selected for H;
adsorption studies at 77 K up to 100 bar. The selected fibers were the PIM-1, core-shell UiO-
66/PMMA@UI0-66/PAN-Acetone and MIL-101/PS@MIL-101/PAN-CHCIz nanofiber
composites.

The results in Fig. 5.36 and Table 5.5 showed that the total gravimetric H, capacity of PIM-1
nanofibers was 60% higher compared to the core-shell UiO-66-based nanofibers, and 37%
higher compared to those based on MIL-101. The working capacity of 0.9 wt% obtained for
core-shell MIL-101/PS@MIL-101/PAN was found to be highest of the three samples, with
PIM-1 having a working capacity of 0.8 wt% and UiO-66/PMMA@UiO-66/PAN nanofibers
only having 0.1 wt% working capacity. This could have been due to the fact that PIM-1 and
the UiO-66-based nanofibers showed very high H» adsorption at low pressures, below 5 bar,
and the increase in H, adsorption beyond 5 bar was found to reach saturation as it remained
relatively constant, especially for the core-shell UiO-66-based nanofibers. This can be
explained by the pore structure of PIM-1 and UiO-66 as they were shown to consist of a high
degree of micropores (2 A < pore size < 20 A). Highly microporous materials tend to show a
high degree of Type | gas adsorption isotherms where the highest rate of adsorption of gas
molecules occurs at low pressures (~5 bar) compared to intermediate (~5 — 20 bar) to high
pressures (> 20 bar) such as employed in this study [39]. Type H4 loop hysteresis observed on
N2 adsorption/desorption isotherm of PIM-1 (Fig. 5.4) was also observable on the H» isotherms
of PIM-1 nanofibers, showing that the pore structure of PIM-1 could possibly influence
condensation of Hx within the micropores. Based on the IUPAC classification of isotherms
[39], the appearance of a hysteresis loop generally describes condensation within narrow pores
of the adsorbent, which may be also affected by the shape of pores. The large hysteresis loop
characteristic of PIM-1 has been reported to result from possible adsorption-induced swelling
of its pore walls, thereby promoting hysteresis behaviour unusual of many microporous
materials [109,111,112,183,184,218,227,228]. The presence of the Type H4 hysteresis loop in
the Hz adsorption/desorption isotherm of PIM-1 was not expected since H, adsorption at 77 K
was above the critical temperature of Hz [39,118]. The narrow micropores (pore size < 10 A)
present in PIM-1 could promote strong bonding of H, within their pore walls and the swelling
effects upon gas adsorption could change the diameter of the pores during adsorption and

therefore could possibly promote hysteresis in Hz adsorption/desorption at 77 K. For the MIL-

http://etd?ﬁ%vc.ac.za/



101-based nanofibers, the pore structure consists mainly of mesopores which may exhibit pore

filling at intermediate to high pressures due to their wider pore widths [121]. As it can be seen

in Fig. 5.36, the total H> adsorption isotherm for MIL-101-based nanofibers was found to

steadily increase beyond 5 bar, showing little evidence of reaching saturation, meaning a higher

total H> adsorption was possible at pressures greater than 100 bar.
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Figure 5.36: H, adsorption/desorption isotherms at 77 K for PIM-1, UiO-66/PMMA@UiO-
66/PAN_Acetone, and MIL-101/PS@MIL-101/PAN_CHCI3 (a) excess Hz uptake for, and (b)
total/absolute gravimetric H> uptake. The closed symbols represent the adsorption isotherms

and open symbols represent the desorption isotherms.
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Table 5.5: H», uptake at 77 K up to 100 bar obtained for PIM-1, UiO-66/PMMA@UIiO-

66/PAN-Acetone, and MIL-101/PS@MIL-101/PAN-CHCI3 nanofibers.

Sample Maximum Total/absolute Working
excess gravimetric Hz capacity
Uptake uptake (Wt%)? (Wt%)P
(Wt%) 5bar | 100 bar
PIM-1 1.9 1.9 2.7 0.8
UiO-66/PMMA@UiO-66/PAN-Acetone 1.0 1.0 1.1 0.1
MIL-101/PS@MIL-101/PAN-CHCI3 0.9 0.8 1.7 0.9

2Values calculated using eqn 3.3 in chapter 3 (section 3.4.5.2). ®Values calculated from the difference between total H, uptake at 100 bar and

5 bar.

The preparation of core-shell MOF/X@PAN nanofibers followed by selective removal of the
MOF was done to possibly increase the MOF loading onto electrospun MOF/PAN nanofibers.
Initally it was observed that a MOF loading of 20 wt% was the limit, under the specified
electospinning conditions, for nanofibers prepared via single-nozzle electrospinning. These
nanofibers, prepared via single-nozzle electraospinning, were found to show significantly lower
BET surface areas and pore volumes in comparison to the pristine MOF powders. Using the
method of coaxial electrospinning and subsequent removal of the core polymer, it was found
that BET surface areas could be improved from ~100 m?g to ~500 m?g™. The Chahine rule
[209] states that the gravimetric H> capacity shows a direct relationship with the BET surface
area and hence the improvements observed in the core-shell nanofibers could signify an
improvement of their gravimetric Hz capacities compared to MOF/PAN nanofibers prepared
via single-nozzle electrospinning. The method of selectively removing the core polymer in
core-shell nanofibers was, however, found to be destructive as it was clear from SEM images
that both solvents used in this study (acetone and chloroform) resulted in ruptured MOF/PAN
nanofibers. This could make the determination of the resultant MOF loading, after removal of
the core material, difficult and unquantifiable. The incorporation of MOFs into non-porous
polymers, and possible improvement of the MOF loading through coaxial electrospinning
coupled with selective removal of the core polymer, could be crucial in addressing the
challenges typically found in using polymer-based binders for the fabrication of MOF
composites [116].
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5.6. Chapter summary

This chapter reported on the fabrication of MOF/polymer nanofibers using the electrospinning
technique. The polymers of choice were PAN, PIM-1, PS, and PMMA. Two types of
electrospinning methods were employed, namely the single-nozzle electrospinning and the
coaxial electrospinning methods. The single-nozzle method was used to optimize the
electrospinning process parameters that would be suitable to incorporate MOFs into the
nanofibers. Based on the optimized process parameters from the single-nozzle method, the
coaxial method was then used to incorporate a higher loading of MOFs into the polymer
nanofibers, through the addition of MOFs in both core and shell polymer solutions. The
electrospinning process parameters were found to have a significant effect on the morphologies
of the nanofibers, especially in the formation of beads on the nanofibers. In PAN
electrospinning, the concentration of PAN in DMF and flow rate of the solution were found to
be the main factors affecting fiber morphologies. In PIM-1 electrospinning, the solvent was
found to have the most impact on the formation of nanofibers. Using pure TCE as a solvent led
to the formation of a film instead of nanofibers. The addition of 30% v/v THF to TCE was,
however, found to improve the electrospinnability of the PIM-1 solution and nanofibers of
about 2 - 3 um in diameter were obtainable. The preparation of MOF/nanofiber composites
was found to have a limitation of 20 wt% MOF loading since a higher loading of 40 wt% was
found to produce beaded nanofiber morphologies. The-inclusion of 20 wt% loading of MOFs
in core-shell nanofibers was found to be successful. In order to improve the MOF loading
possibly beyond 20 wt%, the study proposed the selective removal of the core polymer
material. In the core-shell nanofibers, the core polymer was PMMA in the case of the
incorporation of UiO-66 and PS in the case of MIL-101. The method to remove PMMA and
PS was through the immersion of the MOF/X@PAN (X = PMMA or PS) in acetone and
chloroform, respectively. The removal of core polymers from X@PAN nanofibers using the
aforementioned methods was proven successful, however collapsed the remaining PAN
nanofibers as they were observed to be flattened. The collapse of the PAN nanofibers following
affected both UiO-66/PMMA@UiO-66/PAN and MIL-101/PS@MIL-101/PAN nanofibers, as
they ruptured after selective PMMA or PS removal and as a result the MOF loading after
PMMA or PS removal could not be determined accurately. The Hz uptake was therefore highest
for PIM-1 nanofibers compared to core-shell UiO-66-based nanofibers and MIL-101-based
nanofibers. The PIM-1 and UiO-66/PMMA@UiO-66/PAN nanofibers were used as binders
for the pelletization of UiO-66.
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Chapter 6

6. Co-pelletization of UiO-66 with electrospun nanofibers and fabrication of
graphene foam/UiO-66 composite

This chapter presents the results on the pelletization of UiO-66 with the best performing
MOF/polymer nanofibers as binders. The use of polymer-based binders has been proven
successful in the shaping of MOFs, however, the main challenge exhibited in most studies was
the compromise in the textural properties of the composite in comparison to that of the pristine
MOF powder. In this study the aim, for the pelletization of UiO-66 with binders, electrospun
MOF/PAN and PIM-1 nanofibers, was to exploit the porosity from the incorporated MOFs in
the former and the permanent microporosity of PIM-1. The combination of MOFs, non-porous
and porous electrospinnable polymers into nanofiber composites was postulated to result in
polymer-based binders that could possibly retain a high degree of the textural properties of
UiO-66 following its pelletization at ~700 MPa. In addition, the study also focused on the
incorporation of a carbon material to potentially improve the thermal conductivity of a UiO-
66-based composite in comparison to pristine UiO-66. The carbon material of choice was
graphene foam (GF) prepared by chemical vapour deposition (CVD) using a nickel foam (NF)
precursor or template. The first section (6.1) of this chapter discusses the preparation and
properties of CVD-grown GF. Then section 6.2 discusses the addition of GF to monitor the
thermal conductivities of pristine UiO-66 powder and pelletized UiO-66 in comparison to the
GF/UiO-66 composite. Finally the chapter discusses the effect of adding polymer-based
binders (from the best performing nanofibers in Chapter 5) on the textural properties of
pelletized UiO-66, and the high-pressure H> adsorption of two of the co-pelletized UiO-
66+binder composites are presented.

6.1. Preparation of GF and a GF/UiO-66 composite for hydrogen storage
applications

In the preparation of GF from NF via the CVD procedure, there was a step involving the
removal of the nickel (Ni) template by etching in a 3 M hydrochloric acid (HCI) solution in
order to isolate GF. In this step, the Ni-C composite formed after deposition of carbon at 1000
°C, first had to be stabilized by adding a polymethylmethacrylate (PMMA) supporting film

prior to the etching. After successfully removing most of the Ni template, the PMMA film was
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removed using two methods, first by immersing in acetone to dissolve PMMA and secondly
by thermal degradation of PMMA via pyrolysis under argon (Ar). In Fig. 6.1 it can be seen that
the removal of PMMA by dissolving in acetone produced a high degree of contamination on
the surface of the GF which could compromise the quality of the GF product. In Fig. 6.2,
however, it was shown that the pyrolysis method was more effective in producing contaminant-
free GF. Hydrocarbon materials have been reported to be a major contaminant in the
preparation of graphene forms, including GF, and such contamination may compromise the
intrinsic properties of graphene such as good electrical and thermal conductivity due to the

creation of highly defective sites on the graphene surface [188][185].

Figure 6.1: SEM image of the surface of the CVD-grown GF obtained after soaking the
GF/PMMA composite in 20 mL acetone. Insert is a close up image (at 1 000 X magnification)

The confirmation of the preparation of GF from NF was monitored by, SEM-EDX, PXRD

crystallography and Raman spectroscopy.
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Figure 6.2: SEM image of the surface of GF obtained after pyrolysis of GF/PMMA composite
at 800 °C under 0.025 mL'min argon (Ar) flow. Insert is a close up image (at 300 X

magnification).

The PXRD patterns presented in Fig. 6.3 showed the typical Ni peaks at 20 =~ 45°, 53°, and 76°
[157], however, after completion of the CVD process, a slightly broad peak at 26 ~ 27° was
observable together with the characteristic Ni peaks. The appearance of the Ni peaks in the
PXRD pattern and EDX mapping (Fig. 6.4) of the CVD-grown product was indicative of the
incomplete etching of Ni from Ni-C composite. The presence of a small amount of Ni in the
GF was not considered detrimental since some studies have reported Ni to have some H:
storage capabilities [229]. Graphene forms (e.g. single-layer graphene and reduced graphene
oxide) of carbon can be distinguishable from graphite forms (e.g. graphite and graphite oxide)
by their characteristic (0 0 2) peak positions on a PXRD pattern. In graphene forms, the typical
(0 0 2) crystalline phases occur as a flat and broad peak between 26 ~ 20° to 30°, compared to
the distinctly sharp peak around 20 =~ 25° normally observed in graphite forms [230]. In Fig.
6.3, the “new” peak was found to have a broad base spanning from 26 =~ 20° to 35° and a very
sharp portion at 20 ~ 27°. The observation could have indicated that the CVD product consisted
of a composite of graphenic and graphitic carbons. The characteristic difference between
graphite and graphene is that graphite contains multiple layers of graphene in a three
dimensional arrangement, whereas graphene consists of a single layer of sp?-hybridized
carbons. It would, therefore, be expected that in a three dimensional structure of CVD-grown

carbon such as GF, there would be stacked graphene layers that could possibly resemble the
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physical properties of graphite and also contain sp?-hybridized carbons possibly on the
outermost surface of the GF [75,187].
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Figure 6.3: PXRD patterns of NF template in comparison to the CVD-grown GF product
obtained under pyrolysis conditions under Ar flow.
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Figure 6.4: (a) SEM image showing the microstructure of CVD-grown GF, and (b) EDX image
of GF showing the mapping of Nickel (Ni), Oxygen (O), and Carbon (C).
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In Fig. 6.5, Raman spectroscopy was used to elucidate the composition and degree of layering
in the CVD-grown product. The Raman analysis was initially done on intact GF, in order to
analyse the outermost surface of GF, and then performed after grinding the GF into a powdery
form, representing the bulk composition of the GF. In Fig. 6.5, the GF was observed to contain
the characteristic graphene D, G, and 2D Raman shift bands around 1350 cm™, 1580 cm, and
2700 cm?, respectively. Using the intensities of the bands could give information about the
type of graphene that was obtained after the CVD process. The degree of defectiveness of the
GF and number of graphene layers could be obtained by calculating the ratios Ip/lc and l2o/lg,
respectively [77,198]. The lp/Ip ratio was ~0.6 which indicated the GF consisted mainly of
multi-layered graphene, and Ip/lc of ~1.2 indicated that the GF was highly defective, i.e.
contained less sp?-hybridized carbons in comparison to an ideal single layer of graphene. In a
three dimensional structure of graphene, both a high level of multi-layers and defects would be
expected especially that the three dimensional structure of the Ni template was maintained in

the product and hence forming the observed three dimensional network of carbon [75,201,230].
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Figure 6.5: Raman spectra of intact CVD-grown GF, at two different positions on the GF

surface (as-prepared) in comparison to the Raman spectrum of ground GF (powder).
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After successful preparation and characterization of the GF, another sample of GF was
prepared under the same conditions of the CVD procedure discussed in Chapter 3 (section 3.1).
To this sample, UiO-66 crystals were grown on the surface of the GF via an in-situ synthesis
method (Chapter 3, section 3.2.3). Due to the high degree of macroporosity (pores > 50 nm, as
per IUPAC classification) observed on the GF network structure, the growth of UiO-66 was
done using two methods, firstly a single-step crystal growth method where UiO-66 was grown
directly onto GF. In the second method, UiO-66 was grown via a seed-mediated procedure
where the single-step GF/UiO-66 product was re-immersed in a fresh solution of UiO-66

precursors so as to improve the amount of UiO-66 on the GF surface.

Single-step
UiQ-66 growth’

>

crystals. The circled area was analysed by EDX mapping (Fig. 6.7). Insert is a close up image
(at 30 000 X magnification).

The images in Fig. 6.6 and 6.7 showed the distribution of crystals was mainly on the surface
of the GF with little UiO-66 growth within the macropores of the GF network. The EDX maps
in Fig. 6.7 showed the presence of Zr metal as the main metal on the GF surface, with no
significant evidence of Cr or Ni on the GF surface. The Cr could have been a cross-contaminant
arising from the glassware since washing of MIL-101(Cr) was also carried out on the same
glassware. The presence of Ni was observed in both the PXRD and EDX maps of as-prepared

GF but its presence in Fig. 6.7 was negligible, probably due to further etching of Ni under the
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acidic conditions during UiO-66 synthesis. The crystals shown in Fig. 6.6 did not have well-
defined octahedral shapes as generally observed for UiO-66. The bulk of the crystals were
irregularly shaped, containing a high content of agglomerates and suggested the crystal growth
was not provided enough time for UiO-66 crystals to assume their octahedral shapes.

EDS Layered Image 7
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Figure 6.7: SEM and EDX mapping of GF/UiO-66 showing the distribution of C, Ni, O,
Zirconium (Zr), Chromium (Cr), and Chlorine (CI).

The reason could be described according to observations reported in the work of Petit et al.
[146]. Their study showed irregularly shaped and agglomerated crystals of the copper paddle-
wheel MOF, HKUST-1, grown by in-situ solvothermal synthesis onto the surface of graphite

oxide. Their observations could suggested that defects on graphene and/or graphitic carbon
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forms could possibly inhibit the growth of MOF crystals or result in distorted MOF structures
that deviate from their pristine forms. In Fig. 6.8 and 6.9, the amount of UiO-66 crystals was
observed to increase following the two-step growth method as their distribution was observed
on the surface and within the macropores of the GF network. The graphene crystalline phase
(0 0 2) was observed on the PXRD pattern of the GF/UiO-66 composite (Fig. 6.9) with little
evidence of the Ni crystalline peaks at 20 =~ 45°, further demonstrating the etching of Ni under
the UiO-66 synthesis conditions. In Fig. 6.8, the UiO-66 crystals were also observed to have
relatively well-defined octahedral shapes with sizes around 100 nm. The observed results in
Fig. 6.8 could suggest the two-step growth of UiO-66 onto GF could have facilitated a seed-
mediated UiO-66 growth mechanism whereby the small UiO-66 crystals could have been
nucleation sites that initiate crystal growth [231]. In that manner it would be possible that some
crystals would grow bigger in size compared to crystals growing out of solution. The results in
Fig. 6.8 indicated that seed-mediated growth onto defective graphene foam, achieved through
the two-step UiO-66 growth method, could result not only in increasing the MOF content on

GF, but also in improving the formation of crystals with well-defined shapes and sizes.

Figure 6.8: SEM images of GF/UiO-66 obtained for the two-step growth of UiO-66 crystals.
Insert is a close up image (at 50 000 X magnification).
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Figure 6.9: PXRD patterns for pristine UiO-66 and GF/UiO-66 obtained for the two-step
growth method. The area marked red highlights the 20 range from 22° to 30°.

In Fig. 6.10, the N> adsorption isotherms for both GF/UiO-66 composites prepared by single-
step and two-step growth showed Type I adsorption with little evidence of hysteresis observed.
This demonstrated that the UiO-66 could be the main contributing component in the N>
adsorption properties of GF/UiO-66 composites. In Table 6.1, the BET surface area of the
GF/UiO-66 obtained via single-step growth was 48 % that of pristine UiO-66 powder, whilst
the two-step grown GF/UiO-66 showed a 78 % BET surface area to that of pristine UiO-66.
The results showed a 30 % increase in BET surface area owing to the two-step growth method
of UiO-66 onto the surface of possibly defective graphene foam. On careful inspection of the
two patterns, it can be seen that there is a shift towards higher Bragg peak positions in the UiO-
66/GF composite. This may suggest that there is a chemical interaction between the GF and
the UiO-66 crystals. It could be possible that during the single-step crystal growth, some of the
UiO-66 were anchored and possibly nucleated from the GF defects.
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Figure 6.10: N. adsorption/desorption isotherms obtained for UiO-66 powder and GF/UiO-

66 composites prepared via in-situ UiO-66 growth onto GF.

Table 6.1: Summary of the BET report obtained for GF/UiO-66 composites prepared via in-

situ UiO-66 growth onto GF.

Isotherm property Sample
UiO-66 GF/UiO-66_single- | GF/UiO-66_two-
powder? | step growth step growth
BET surface area (m2.g1)° 1376 665 1073
NLDFT pore volume (cm3.gt)° - - -
Slope (g.cm?, STP) 0.000456 0.00830 0.004175
Y-intercept (g.cm=3, STP) 0.000001 0.000002 0.000002
Qm (cmi.g?, STP) 310 120 239
Correlation coefficient 0.9999 0.9999 0.9998

?Residual UiO-66 not incorporated onto the surface of GF during in-situ synthesis.

bPore volume measurements were not obtained due to instrument limitations at the time of measurement.

The H2 adsorption measurements for the GF/UiO-66 composites were obtained at 77 K and up

to a pressure of 1.2 bar due to instrumental restrictions at the time of experimentation. Since
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the density of H is about 3.8 x 10* gmL™, the excess H. uptake relatively equals the
total/absolute H> uptake under these conditions. In Fig. 6.11 and Table 6.2, the Hz uptake of
single-step GF/UiO-66 was 60% that of pristine UiO-66 and the two-step GF/UiO-66 was 73%
in comparison. The Ha uptake results showed correlation to the observed BET surface areas as
would be expected based on the Chahine rule [209]. The BET surface area and H. uptake
observed for single-step GF/UiO-66 was surprisingly higher than suggested by the amount of
UiO-66 observable on the GF surface in Fig. 6.6 and 6.7. This could suggest that the GF surface
could have contributed to the adsorption of both N2 and Hz. Indeed graphene sheets are well
known for their extensive surface area with a theoretical BET surface area of about 2600 m?g-
1. Although single layered graphene does not contain a permanent porous structure in its
pristine form, porosity can possibly be introduced into graphene sheets through methods
involving removal of carbon rings from its structure and in most cases through compositing
with other additives [75,188,230]. It is, therefore, possible that the compositing of GF with
UiO-66 coupled to the potentially high surface area of GF could contribute to H, uptake values
greater than 50% to that obtained onto UiO-66.
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Figure 6.11: H, adsorption isotherms obtained for UiO-66 powder and GF/UiO-66 composites
prepared via in-situ growth of UiO-66 onto GF.
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Table 6.2: H, uptake at 77 K up to 1.2 bar obtained for UiO-66 powder and GF/UiO-66

composites prepared via in-situ UiO-66 growth using a single-step and two-step growth

method.
Sample Maximum excess Total gravimetric
Uptake (wt%o) uptake (wt%o)
UiO-66 powder 1.5 1.5
GF/UiO-66_single-step growth 0.9 0.9
GF/UiO-66_two-step growth 1.1 1.1

The main objective for the preparation of GF/UiO-66 composites was to possibly obtain an
improved thermal conductivity in the GF/UiO-66 composite in comparison to pristine UiO-66
powder. In Table 6.3 and Fig. 6.12, the thermal conductivity of GF/UiO-66 was 8 % less than
that of UiO-66 powder and an astounding 53 % less compared to that of UiO-66 pellet. Since
graphene is known to exhibit one of the highest thermal conductivities recorded thus far, the
significantly low experimental thermal conductivity could be explainable through
consideration of the properties of the selected materials. As it was shown in Chapter 4, UiO-

66 is a highly microporous MOF containing about 90 % micropores in its structure.

The GF, on the other hand, was shown to contain large macropores within which UiO-66 could
be grown, however the connectivity of the GF network was observably disrupted due to
breakages upon UiO-66 growth via the two-step method, as shown in Fig 6.8. The thermal
conductivity is known to be lower in porous compared to non-porous solid-state materials,
which was also observed in Table 6.3 as the Pyrex standard had more than 10 times the thermal
conductivity of the UiO-66 pellet. In a porous powder material, there exists free-flow of air
molecules within void spaces between powder particles and also through the internal pores,
which greatly compromise the thermal conductivity of the material. The size of pores may also
play a key factor as it has been shown that microporous solids tend to show higher thermal
conductivities in comparison to meso- and macroporous materials [43,44,232]. The
aforementioned observations made in literature may, therefore, provide justification to the
observed experimental results since GF was found to contain a macroporous network structure

compared to the highly microporous UiO-66.
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The pelletization could also aid in reducing void spaces through densification of the UiO-66

crystals and hence improve the thermal conductivity of the material [52].

Table 6.3: Experimental values for thermal conductivities obtained for UiO-66 powder,

pelletized UiO-66, and GF/UiO-66 composite. A Pyrex polymer block was used as a standard.

Measured thermal Sample
conductivity (W/mK) Pyrex UiO-66 GF/UiO-66 | UiO-66
reference | powder pellet

1 1.175 0.0787 0.0709 0.1482
2 1.161 0.0771 0.0706 0.1478
3 1.151 0.0767 0.0710 0.1487
4 1.148 0.0767 0.0706 0.1489
5 o) 0.0767 0.0703 0.1496
6 1.148 0.0766 0.0704 0.1492
7 1.149 0.0768 0.0705 0.1489
8 1.146 0.0763 0.0702 0.1488
9 1.146 0.0766 0.0707 0.1494
10 1.154 0.0762 0.0703 0.1492
Average 14153 0.0768 0.0705 0.1489
Standard deviation (W/mK) 0.00895 | 0.000678 0.0002380 0.000559
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Figure 6.12: Comparison of the average thermal conductivities obtained for UiO-66 powder,
UiO-66 pellet, and GF/UiO-66 composite (two-step growth).

6.2. Pelletization of Ui0-66 with 5 wt% polymer binders

The pelletization of UiO-66 without binders was done to investigate the response of UiO-66
towards applied pressure up to ~700 MPa, which was unprecedented in MOFs (Chapter 4).
This section reports on the co-pelletization of UiO-66 with 5 wt% binder at ~700 MPa. The
addition of binders in the shaping of MOF powders has been a proven practice towards the
improvement of their structural properties such as stability towards a “drop test”, physical
abrasion, or stability towards mechanical damage [46]. It is, however, important that the
inclusion of binders contribute positively without significantly compromising the intrinsic
properties of the MOF. In H> storage applications, MOFs are heavily dependent on their
textural properties (surface area and porosity) as H. adsorption occurs in them via the
physisorption mechanism and also the Chahine rule shows a strong correlation of the BET
surface area of a MOF to its gravimetric H> capacity [209]. The shaping of MOFs with the
inclusion of polymer-based binders has been shown to lead to significant reductions in the
MOF textural properties. Some of the contributing factors include the non-porous nature of the
binder, and pore blocking (seen as a reduced pore volume in MOF/binder composites compared
to MOF) [34,80,114,116]. In H> storage applications, it is also important not to consider only
the storage capacity of the material, but also the working/deliverable capacity is a key factor
[36,151,197,233]. Given that non-porous polymers can be fabricated into fiber networks and
composited with porous powder materials, e.g. via electrospinning, there exists an opportunity

to develop MOF/polymer composites containing hierarchical pore structures. Materials with
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hierarchical porosity have been shown to have better suitability towards H. storage in
comparison to porous materials that exhibit Type | H> adsorption isotherms [15,39,63,125].
This is because hierarchical porosity in materials could have the potential to show low H>
uptake at low pressure, i.e. P < 5 bar, and high adsorption at intermediate to high pressure, so
as to obtain a large positive working/deliverable H> capacity. The problem in purely Type |
materials is that the highest H> adsorption occurs at low pressure and little adsorption is
observable at intermediate to high pressure and hence they tend to have low
working/deliverable H> capacities [151]. This was also observed on the H> adsorption
isotherms of UiO-66 powder in Chapter 4 of this study.

In this section the study proposed the co-pelletization of UiO-66 with nanofibers forming a
layered pellet of alternating UiO-66 powder and polymer nanofibers (see Fig. 3.6). In Fig. 6.13
and 6.14 the structure of UiO-66 containing nanofiber binders clearly showed successful
incorporation of nanofiber binders into UiO-66 through co-pelletization, and also the

alternating structure was maintained even-after breaking the pellet.

Figure 6.13: Photo images showing the cross-section of co-pelletized UiO-66 containing 5
wt% PIM-1 nanofibers.
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Figure 6.14: SEM images showing the cross-section of co-pelletized UiO-66 containing 5 wt%
PIM-1 nanofibers.
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Figure 6.15: N2 adsorption/desorption isotherms obtained for co-pelletized UiO-66 containing
5 wt% UiO-66/PMMA@Ui0O-66/PAN-Acetone and PIM-1 nanofibers as binders.

Since all the materials used in this section were fully characterized in Chapters 4 and 5, the
main focus of this section was on the textural properties and H2 adsorption behaviour of the
UiO-66/binder composites. In Fig. 6.15 and 6.16, the isotherms for UiO-66 containing core-
shell PAN nanofibers was found to be a combination of Type | and Type Il isotherms. The
Type | adsorption was observed due to the high adsorption at low relative pressure, with the
Type |1 portion of the isotherm observable at increasing relative pressure towards p/po = 1. In
the pore size distribution curves (Fig. 6.16)the UiO-66 pellets containing core-shell PAN
nanofibers were found to consist of a high mesopore content, around 50 A, which was not

observable in the pore size distribution of the pristine UiO-66 pellet. The N> adsorption
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properties of UiO-66 pellet containing GF/UiO-66 as a binder were found to closely resemble
those of pristine UiO-66 pellet, as it was previously shown for their powdered counterparts
(Fig. 6.10). The N2 adsorption isotherm for the UiO-66 pellet containing PIM-1 nanofibers was
found to show largely Type | adsorption. Also in the pore size distribution curves, the pore
sizes around 6 and 7 A were observed to increase in volume possibly due to the presence of
PIM-1, which also was shown to have pores with 6 and 7 A diameters (Fig. 5.5, Chapter 5). In
Fig. 6.16, the UiO-66+PIM-1 pellet was also found to have a significant peak at a pore width
of 50 A, although to a lesser extent in comparison to the UiO-66+core-shell PAN composites.
The proposed presence of mesopores indicated the possibility of introducing a hierarchical pore
structure in a predominantly microporous material, such as to change its adsorption behaviour
to resemble a combination of Type | and Type Il adsorption instead of purely Type | adsorption.
It was important to note that the mesopores around 50 A were not observable on the as-spun or
as-prepared nanofibers (Chapter 5, Fig. 5.5, 5.26, and 5.32). This suggested that the co-

pelletization of the nanofibers with UiO-66 could have induced the formation of the mesopores.
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Figure 6.16: Pore size distribution curves obtained for co-pelletized UiO-66 containing 5 wt%

UiO-66/PMMA@UiIO-66/PAN-Acetone and PIM-1 nanofibers as binders.

In Table 6.4, the BET surface areas of the UiO-66 pellet containing MOF/PAN nanofibers was
46% less in comparison to the pristine UiO-66 pellet. The total pore volumes, however, were
found to only be about 13% lower compared to that of the pristine UiO-66 pellet. The
micropore surface area and micropore volumes were 68% lower compared to that of the pristine
UiO-66 pellet. In addition, the micropore volumes of UiO-66 pellet containing core-shell
MOF/PAN nanofibers were found to constitute about 27% of their total pore volumes and the
micropore surface area contributing about 50% of their BET surface areas. The results,
therefore, showed that about 70% of the total pore volume and 50% of BET surface area of the
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UiO-66 pellets containing MOF/PAN nanofibers were not contributed by the micropores in the
composites. In Fig. 6.16, it was observed that these pellets consisted of a significant amount of
mesopores, possibly induced after the co-pelletization of UiO-66 with the MOF/PAN
nanaofibers. The results suggested a possible micro-mesoporous hierarchical structure created

upon co-pelletization at ~700MPa.

Table 6.4: Summary of the BET report obtained for pelletized UiO-66 containing 5 wt%

binders.

Isotherm property Sample
UiO-66 pellet | UiO- Uio-66+ 5wt% | UiO-66+ 5wt% | UiO-66+
66+PIM-1 [UiO- [MIL- 5Wt%
66/PMMA+UiO- 101/PS+MIL- [GF/UiO-66]
66/PAN_Acetone] 101/PAN]
BET surface area (m2.g1)?2 1300 1113 702 723 985
(1091) (902) (350) (370) (788)
NLDFT  pore volume 0.60 o k3 0.52 0.53 0.54
(cm3.g )P (0.44) (0.36) (0.14) (0.15) (0.32)
Slope (g.cm?, STP) 0.003347 | 0.003915 0.00619 0.00601 0.004459
Y-intercept (g.cm3, STP) 0.00001 | 0.0000003 0.00001 0.000009 -0.000004
Qm (cmi.g?, STP) 299 256 161 166 225
Correlation coefficient 0.99996 0.9999 0.9999 0.9999 0.9999

avalues in parentheses are given for the t-plot micropore surface area; "values in parentheses are given for the t-plot micropore volume.

The results in Table 6.4 also showed that the UiO-66 pellet containing PIM-1 nanofibers
retained in excess of 80% BET surface area, micropore surface area, and micropore volume in
comparison to those originally obtained for the pristine UiO-66 pellet. The total pore volume
was found to be 98% of the total pore volume of the pristine UiO-66 pellet. Within the UiO-66
pellet containing PIM-1 nanofibers, the micropore volume was 61% of the total pore volume,
whereas in the pristine UiO-66 pellet the micropore volume was 73% of the total pore volume.
The lower micropore contribution in UiO-66+PIM-1 could have been due to the presence of a
small but significant amount of mesopores as shown in Fig. 6.16. The incorporation of GF/UiO-
66 as a binder was found to follow a similar trend as the nanofibers, however, the micropore

surface area of 80% relative to its BET surface area showed a resemblance of the UiO-66
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component being the main contributing factor in the textural properties, as it was previously

shown in section 6.1.

The implications of changing the adsorption properties of UiO-66 from Type | to potentially a
combination of Type | and Type Il could have had a direct effect on the H, adsorption
behaviour. In this study, it was possible to only measure the high-pressure H, adsorption of
two of the UiO-66+binder composites and hence the composites giving the highest and the
lowest BET surface areas and pore volumes were selected for analysis, namely the pellets of
UiO-66+ 5wt% PIM-1 and UiO-66+ 5wt%UiO-66/PMMA+UiO-66/PAN.

3.6 1 ® Ui0-66 pellet (adsorption)
O UiO-66 pellet (desorption)
3.3 1¢ U066+ 5wt% PIM-1 (adsorption)
30 & UiO-66+ 5wt% PIM-1 (desorption)
Y7 A UI0-66+ 5wt%UIO-66@PMMA+UiO-66@PAN_Acetone (adsorption)

= 978 Ui0-86+ 5wi%U0-66@PMMA+UIO-66@PAN_Acetone (desorption)
X “ g o) o
= @ L ]
2 244 S ot % Y °
2
© 214 o - e d
o L 4
> 184 o L 2 ®o
I(\I v/
w 15 ¢
®
o 12
i

0.9

AAs 4 Ap A an A A

0.6 A A

0.3

00 - T T T T T T 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 55 60 65 70 75 80 85 90 95 100

Pressure (bar)
Figure 6.17: Excess H. uptake isotherms obtained for pristine UiO-66 pellet and UiO-66
pellets containing 5 wt% PIM-1 and 5 wt% UiO-66/PMMA@UiO-66/PAN-Acetone

nanofibers.

The excess H adsorption isotherms (Fig. 6.17) showed a similar trend as observed in Fig. 6.15
and Table 6.4, whereby excess H uptake correlated to the BET surface areas of the materials,
an expectation based on the Chahine rule [234]. The results in Fig. 6.18 showed that the
observed trend in the excess H uptake isotherms was also translated in the total/absolute H>
uptake isotherms. Interestingly, it was observable that the low-pressure (P < 5 bar) H> uptake
in UiO-66 pellets with binders (PIM-1 and core-shell UiO-66/PAN nanofibers) was

significantly lower in comparison to that of the pristine UiO-66 pellet. At high pressures,
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however, the H» uptake of the UiO-66+PIM-1 composite was about 93% to that of the pristine
UiO-66 pellet at 100 bar. This showed that the working/deliverable H> capacity could be
improved in UiO-66+PIM-1 beyond that of the pristine UiO-66 pellet. Indeed in Table 6.5, it
can be seen that the calculated working/deliverable H, capacity for UiO-66+PIM-1 was 2.3
wt% in comparison to the 1.9 wt% obtained for the pristine UiO-66 pellet. The
working/deliverable H> capacity of the UiO-66 pellet containing core-shell UiO-66/PAN
nanofibers was only 16% less than that of the pristine UiO-66 pellet, even though the composite
was shown to have a BET surface area that 46% lower. The observed results could be attributed
to the extended pore structure that was demonstrated in the UiO-66 pellets containing the
nanofibers as binders. The possible creation of micro-mesoporous hierarchical pore structure

could be key in changing the H. adsorption behaviour of materials with typically Type |

adsorption.
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Figure 6.18: Total/absolute H, uptake isotherms obtained for pristine UiO-66 pellet, and UiO-
66 pellets containing 5 wt% PIM-1 and 5 wt% UiO-66/PMMA@UiO-66PAN nanofibers.

Indeed it has been shown on MOF-derived carbons that the presence of a pore structure
consisting of micropores, mesopores, and in some cases macropores, shows more suitability
towards H> storage applications taking into account the importance of obtaining considerably

high working/deliverable H> capacities.
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Table 6.5: H» uptake at 77 K up to 100 bar obtained for PIM-1, UiO-66/PMMA@UiO-

66/PAN-Acetone, and MIL-101/PS@MIL-101/PAN-CHCI3 nanofibers.

Sample Maximum | Total/absolute Working
excess gravimetric H2 capacity
Uptake uptake (Wt%)? (Wt%)P
(Wt%0o) 5bar | 100 bar
UiO-66 pellet 2.5 2.3 4.2 1.9
UiO-66+ 5wt% PIM-1 2.1 1.6 3.9 2.3
UiO-66+ 5wt% UiO-66/PMMA+UIO-66/PAN 0.8 0.7 2.3 1.6

Values calculated using eqn 3.3 in chapter 3 (section 3.4.5.2). ®Values calculated from the difference between total H, uptake at 100 bar

(adsorption) and 5 bar (desorption).

6.3. Chapter summary

This chapter firstly reported on the preparation of a graphene foam (GF)/UiO-66 composite
which was anticipated to possibly show improved thermal conductivities compared to pristine
UiO-66 powder. The synthesis of GF was successfully achieved through the use of the carbon
vapour deposition (CVD) method, using nickel foam (NF) as a template. Since H>
adsorption/storage in porous materials is known to be sensitive to the material’s textural
properties, it was important to exploit the GF surface as a potential substrate to grow UiO-66
crystals via an in-situ synthesis process. This was done to obtain a GF/UiO-66 composite with
surface areas and pore volumes close to those of pristine UiO-66 powder and with possibly
improved thermal conductivity than pristine UiO-66. The two methods that were employed for
the in-situ synthesis of UiO-66 included a single-step growth method which grew UiO-66
crystals directly onto the GF surface, and secondly a two-step growth method which made use
of a seed-mediated approach. The two-step growth method not only improved the UiO-66
loading onto GF from about 50 wt% to 85 wt%, and improved the BET surface area by 38%,
but also proved critical in growing UiO-66 crystals with well-defined shapes and sizes.
However, the thermal conductivity of the GF/UiO-66 composite was compromised relative to
Ui0O-66. The growth of MOF crystals was previously shown to be more inhibited onto graphene
and graphite carbons due to the presence of defects on their surfaces. As a result, MOFs grown
onto graphene/graphite surfaces were found to exhibit distorted crystal structures. This study
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showed a two-step approach that could be used to grow UiO-66 crystals onto graphene with

relatively pure phases.

The second part of this chapter reported on the incorporation of polymer nanofiber binders into
UiO-66 via co-pelletization to form pellets consisting of layers of alternating UiO-66 and
nanofiber binders. This approach of incorporating polymeric nanofiber binders through
pelletization was found to possibly play a key role in introducing mesopores to the otherwise
highly microporous UiO-66. The possible creation of mesopores could only be attributed to the
layered pelletization strategy since no mesopores could be observed on the nanofibers in their
as-prepared forms (i.e. prior to pelletization with UiO-66, see Chapter 5). The possible creation
of hierarchical porosity in MOF-based composites, achieved through layering nanofibers into
MOF pellets, is a new concept and could present new opportunities towards the development

of MOF materials with high working/deliverable H2 capacities.
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Chapter 7

7. Conclusions and recommendations

This chapter highlights the key conclusions and recommendations that were extracted based on
the results obtained in this study. This chapter draws attention to the results obtained in this
study which were comparable to those previously reported in similar studies pertaining to
pelletization of MOFs, electrospinning of MOF/polymer nanofibers, and in the application of
polymer-based materials as binders in MOF compaction. The main emphasis was on the
gravimetric and volumetric Hz capacities, thermal conductivity, and H> working/deliverable

capacities of the materials.

7.1. Conclusions

The aim of the study was to fabricate MOF-based materials with application-specific properties
tailored towards H» storage applications. The application of porous materials into H, storage
systems is mostly envisaged on their use in combination with high-pressure cylinders
[20,36,152]. Due to the poor packing of powdered materials in cylinders, it has become
imperative that focus should be shifted towards investigating the properties of interest required
in Ha storage systems such as, thermal conductivity, gravimetric and volumetric H capacities,
and working/deliverable H; capacities, on shaped forms of the porous materials instead of their
as-synthesized powder forms [15]. Shaping of powdered MOFs and porous carbons, through
pelletization, has previously been shown to be successful in improving their packing densities,
which in turn resulted in the improvement of their volumetric Hz capacities. The main negative
effect of pelletization was reported to be the compromise of the textural properties of MOFs
mainly through pressure-induced structural changes that may include pore widening or
structural collapse of the MOF framework. Since the gravimetric H capacity is shown to be
directly proportional to the BET surface area of the MOF, via the Chahine rule, any
compromise to the textural properties could effectively lead to the compromise of the
gravimetric Hz capacity of the MOF material. This means that in most reported results for
MOFs, the improvement of the volumetric H capacity through pelletization has almost always

been accompanied by significant reductions in the MOF’s gravimetric Hz capacity. Such
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observations have been reported for a wide variety of MOF structures such as in MOF-5, MIL-
101(Cr), MIL-101(Fe), and many more, but seldom have the applied pelletization pressures
exceeded 500 MPa [34,45,57,116,154,156,205,226,235]. The pelletization of UiO-66 has also
been reported where the packing density was improved with little compromise to its textural
properties, however, the study was only done up to a pressure of 10 000 psi (equivalent to ~70

MPa) [65], a pressure 10 times less than reported in this study.

In this study, the effect of pelletization was investigated on two MOFs, UiO-66 and MIL-
101(Cr), where the applied pressures were up to ~700 MPa. Prior to their pelletization, the
textural properties of the MOFs (surface area and pore volume) were initially optimized in
order to achieve the highest possible BET surface area and pore volumes under acid-modulated
solvothermal synthesis conditions. In the synthesis of MIL-101(Cr) it was found that a BET
surface area of about 3300 m?g? and pore volume of 2.0 cm*g™ were achievable using a
1:1:100 molar equivalent CrCls.6H20:H.BDC:CH202 (chromium chloride hexahydrate:
terephthalic acid: formic acid) mixture dissolved in deionised water and synthesized under high
pressure conditions at 210 °C for 8 hours. The MIL-101(Cr) was found to contain a high degree
of mesopores, with only an 8% micropore content, and showed typical Type IV N2
adsorption/desorption isotherms. Under the same conditions, however, lower values for BET
surface area and pore volume could also be obtained owing to the possible co-crystallization
of MIL-53(Cr) in subsequent batches. The presence of MIL-53(Cr) crystals was observed from
SEM images which showed the appearance of elongated and multifaceted needle-like crystals
which could not be removed through washing with dimethylformamide (DMF) and also
through increased micropore content up to 23%, coupled to 40% reductions in the BET surface
areas of subsequent batches. The main reason for the co-crystallization of MIL-53(Cr) could
possibly have been the use of a multi-batch system for the synthesis of MIL-101(Cr) which
could promote seed-mediated crystal growth of MIL-53(Cr) from MIL-101(Cr) seed crystals
left over on the walls of the reactor/Teflon lining. In the pelletization of MIL-101(Cr) at ~700
MPa, it was observable through powder X-ray diffraction (PXRD) analysis that there were
possible changes to its structure as there were observable strain/stress introduced within its
crystal lattice, a phenomenon also reported in literature [104]. This study further showed that
the strain/stress could have been more significant on the micropores of MIL-101(Cr) since the
micropore volume was reduced from 8% of the total pore volume in MIL-101(Cr) powder
(15% micropore surface area of the BET surface area) to 4% in MIL-101(Cr) pellet (8%

micropore surface area of the BET surface area). The compromise to the textural properties of
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MIL-101(Cr) were also found to be translatable to its gravimetric H> capacity and gravimetric
H> working capacity as both were found to be reduced post-pelletization by ~30% and ~40%,
respectively. The volumetric H capacity of MIL-101(Cr) powder, at 77 K and 100 bar, was
found to be 30% less in comparison to the theoretical volumetric H> density of a pressurized
H> cylinder containing no adsorbent material. Upon pelletization, the packing density increased
from 0.19 to 1.20 g.cm translating to an increase in the volumetric Hz capacity four times to
that of the MIL-101(Cr) powder and three times the theoretical volumetric Hz density in a
pressurized H> cylinder at 77 K and 100 bar. After pelletization, the volumetric H> working
capacity also improved from 15 g'L™* to 57 gL, which was 97 % higher in comparison to the
volumetric H> working capacity of a pressurized Hz cylinder. In this study, the pelletization of
MIL-101(Cr) did show reduced textural properties and a reduced gravimetric H capacity as
previously shown in reported literature, but importantly, the results showed that MIL-101(Cr)
could be pelletized at ~700 MPa without possibly collapsing its crystal structure. In addition,
the achievable volumetric H capacity, after pelletization, and its subsequent volumetric H»
working capacity could be in excess of ~300% higher for MiL-101(Cr) pellets in comparison
to powdered MIL-101(Cr). The pelletization of MIL-101(Cr) at ~700 MPa, without its
amorphization, could possibly have positive implications for MOFs with high structural
stabilities to attain even better results compared to MIL-101(Cr). One such robust MOF is the
zirconium-based MOF, UiO-66, which has been reported to have a theoretical minimum shear
modulus of at least 13.7 GPa [82]. In this study, the pelletization of UiO-66 was also
investigated for H, storage applications under the same pelletization pressure applied to MIL-
101(Cr).

The synthesis of UiO-66 did not require high-pressure conditions in order to grow well-defined
UiO-66 crystal shapes and as a result it was found possible to synthesis batches of about 5 g
using a reflux setup at 120 °C for 6 hours. The achievable BET surface areas were between
1400 to 1750 m#g* with total pore volumes of 0.60 to 0.96 cm*g™. The values obtained in this
study were amongst the highest experimentally determined BET surface areas and total pore
volumes in comparison to previous studies [93,99,211,212]. This could be attributed to a
variety of factors that were found to be key in the as-synthesized UiO-66 and after its post-
synthesis treatment. Initially it was observed that using a solution containing 1:1:100 molar
ratio of ZrCls:H2BDC:CH»0: (zicornium chloride: terephthalic acid: formic acid) at 120 °C

and maintained for 6 hours, could have resulted in the synthesis of UiO-66 crystals with defects.
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The use of monocarboxylic acids in UiO-66 synthesis has been shown to promote defect-
formation through possible competing of the acid anions with the terephthalate linkers in
solution. The defects can occur in different forms with missing linker defects being the most
common to occur, however, missing nodes have also been reported as defects in UiO-66
[68,98,108,211,212,236,237]. A study by Shearer et al. [210] showed that the formation of
defects in UiO-66 can result in additional crystal phases to be observed and using PXRD
analysis showed that a symmetry forbidden crystal peak (26 ~ 6°) could be the main sign of
defect formation in UiO-66. Some studies made use of thermogravimetric analysis (TGA) to
elucidate defect-formation in UiO-66 and showed that for an ideal UiO-66 crystal, a residue
yield of 45 wt% could be expected for non-defective UiO-66 and any residue yield lower than
45 wt% would constitute at least one missing linker per cluster of UiO-66 [84,98].

The UiO-66 prepared in this study was confirmed to possibly have missing linkers through the
observance of the symmetry forbidden crystalline peak at 20 ~ 6° on all measured PXRD
patterns for as-synthesized UiO-66. The TGA residue yields obtained after heating UiO-66 up
to 1000 °C were all below 45 wt%, and in addition, on the pore size distribution curves of UiO-
66 it was observed that there were pore sizes above 12 A that would not be expected on a
theoretically ideal crystal structure of UiO-66 [84,210]. It was also observed that the post-
synthesis treatment of UiO-66 had major implications on the achievable BET surface areas and
total pore volumes. The dehydroxylation of UiO-66, a process involving the removal of water
molecules from ZreO4(OH)4 nodes to form ZrsOgs nodes [160,238], was confirmed to occur
between 150 to 300 °C using thermogravimetric analysis coupled to mass spectroscopy data
(TG-MS). Using Fourier transform infrared spectroscopy (FTIR) data, the possible removal of
water molecules from zirconia nodes was also confirmed to occur up to 320 °C. This confirmed
the previously reported existence of UiO-66 in two different forms, namely the hydroxylated
and dehydroxylated forms. In this study, fully dehydroxylated UiO-66 could be obtained by
heating UiO-66 under vacuum at 320 °C and partially dehydroxylated forms were obtainable
between 150 to 290 °C. The textural properties of fully hydroxylated UiO-66 were measured
on samples that were activated/degassed at 80 °C and compared to partially dehydroxylated
forms after their activation at 200 and 290 °C and to the fully dehydroxylated form obtained
after activation at 320 °C. The results showed that in the powdered form of UiO-66,
hydroxylated UiO-66 obtained the highest BET surface areas and total pore volumes

irrespective of the batches that were used in the measurements. Amongst the dehydroxylated
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forms, at 200, 290, and 320 °C, it was surprisingly found that the activation temperature did
not show a direct relationship with the textural properties. The BET surface areas and pore
volumes were found to follow a trend of UiO-66200 > UiO-66320 > UiO-66290, meaning that the
activation of UiO-66 at 290 °C resulted in the lowest achievable textural properties. The result
was unusual as it would be expected that removal of water molecules at 320 °C to form fully
dehydroxylated UiO-66 could possibly result in the lowest possible BET surface area and pore
volume for UiO-66, as reported in other experimental studies of UiO-66 [107]. However,
interestingly, the results corroborate the computational studies carried out by Vandichel et al.
[72] and Rogge et. al [73] on the effect of the dehydroxylation process on the structure of UiO-
66. It was reported in both studies that the UiO-66 framework could undergo structural
rearrangements such that there could possibly exist two transition states at temperatures less
than 300 °C. It was further reported in both studies that the dehydroxylation process could
possibly compromise the mechanical strength of UiO-66 such that partially dehydroxylated
and fully dehydroxylated UiO-66 could show significantly reduced shear moduli in comparison
to fully hydroxylated UiO-66.

In this study it was shown through PXRD analysis that the structure of UiO-66 indeed
underwent changes upon its activation at 200, 290, and 320 °C in comparison to the PXRD
pattern obtained for hydroxylated UiO-66. Some of the diffraction peaks at 26 ~ 6°, 10°, 11°
and 12° were the most affected by the heat treatment. The diffraction peaks at 26 ~ 6°, 10°, and
11° were not observable after activation at 290 °C but could be observed after activation at 320
°C. This observed difference in PXRD patterns could have been an indication of a possible
rearrangement reaction as described in the work of VVandichel et al. [72]. Upon pelletization of
hydroxylated and dehydroxylated UiO-66 forms at 700 MPa, it was found that the hydroxylated
UiO-66 (activated at 80 °C) retained at least 90% (up to 98%) of the BET surface area and at
least 85% (up to 98%) of the pore volume obtained in its powder counterpart, irrespective of
the batch that was measured. The pelletization of the dehydroxylated UiO-66 forms showed
significantly compromised BET surface areas and pore volumes with the former not exceeding
300 m?g* (a reduction in excess of 50% in comparison to their powder counterparts). The pore
volumes of the dehydroxylated forms followed the trend UiO-66200 > UiO-66320 > UiO-66290
indicated that the pore structure of UiO-66 after pelletization was also affected in a similar
manner to that observed after heat treatment at increasing activation temperatures. The trends

observed on the textural properties of hydroxylated and dehydroxylated UiO-66 were also
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observed to be transferable to the H» adsorption behaviour of UiO-66. Hydroxylated UiO-66
obtained between 4.6 wt% to 5.0 wt%, which was the highest gravimetric H» capacity of the
UiO-66 forms measured is this study at 77 K up to 100 bar. Remarkably, the gravimetric H»
capacity for hydroxylated UiO-66 was not compromised upon pelletization at ~700 MPa, with
the H, adsorption isotherms of both powdered and pelletized forms overlapping and showing
virtually a total gravimetric H, capacity 100% retained at 100 bar. The volumetric H> capacity
of hydroxylated UiO-66 powder was found to be 6% lower at 77 K and 100 bar in comparison
to the theoretical volumetric H> density in a pressurized Ha cylinder. The hydroxylated UiO-
66 pellet showed a volumetric H. capacity about 155% higher in comparison to its powder
counterpart and compared to the theoretical volumetric H> density in a pressurized Hz cylinder.
The volumetric Hz working capacity was, however, found to be less in UiO-66 compared to a
pressurized Hz cylinder, possibly owing to the high microporosity of UiO-66 which typically
affords it Type I adsorption isotherms that are characterized by high adsorption at low pressure
(P < 5 bar) compared to relatively low adsorption at intermediate to high pressure (P > 5 bar).
In this study, the improvement of the volumetric H> capacity without compromise in the
gravimetric Hz capacity was, for the first time, experimentally demonstrated in the pelletization
of MOFs. Furthermore, such behaviour was reported in this study for the MOF pelletized at an

unprecedented pressure of ~700 MPa.

Unlike the hydroxylated UiO-66, the pelletization of dehydroxylated UiO-66 forms showed
gravimetric and volumetric Hy capacities that were greatly compromised in comparison to their
powder counterparts. Interestingly, it was found that the gravimetric and volumetric H>
capacities of pelletized fully dehydroxylated UiO-66 (activated at 320 °C) was higher in
comparison to the partially dehydroxylated forms pelletized after activation at 200 and 290 °C.
The result suggested that the mechanical strength of the fully dehydroxylated UiO-66, although
compromised compared to hydroxylated UiO-66, could have been restored to levels higher
than the mechanical strengths of partially dehydroxylated UiO-66 forms. In the partially
dehydroxylated UiO-66 forms it was also noticeable that the working H. capacities were zero,
a sign of lower H» adsorption at high pressure in comparison to adsorption at low pressure.
These observations could show that the partially dehydroxylated forms could have reached
levels of saturation whereby the rate of H> desorption at high pressure far exceeded the H»
adsorption rate. These results could be the first experimental demonstration for the possible

existence of stable intermediate structures or transition states during the dehydroxylation of
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UiO-66. The results on UiO-66 showed remarkable proof on the possibility of the dynamic
temperature-dependent behaviour of UiO-66, however, the observed working H> capacities
needed further optimization. Therefore, in this study, it was proposed that the incorporation of
polymer-based binders could possibly create MOF/polymer composites with hierarchical pore

structures which could likely show improved working H. capacities.

The preparation of polymer binders was based on the concept of electrospinning in order to
obtain the polymers in their nanof iber forms. The polymers of interest were polyacrylonitrile
(PAN) and the polymer of intri nsic microporosity-1 (PIM-1), with two complementary
polymers, polystyrene (PS) and polymethylmethacrylate (PMMA). In previous studies,
MOF/polymer nanofibers were successfully electrospun by single-nozzle electrospinning and
shown to give higher BET surface areas in comparison to the pristine polymer nanofibers
without MOFs. The textural properties of the MOF/polymer nanofibers showed significantly
lower values compared to the pristine MOF powders [57,59,80,219,226]. Since MOFs are
generally incorporated in nanofibers by physical attachment to the nanofiber surface, the MOF
loading (amount/quantity of MOF in the composite with respect to the polymer) could possibly
be increased by adding higher amounts of MOF powder into the polymer solution. In this study,
however, it was shown that a MOF loading as low as 40 wi% was observed to compromise the
morphology of the nanofibers showing severe formation of beads on the nanofiber surface. A
20 wt% MOF loading was found to be the highest possible to produce MOF@PAN nanofibers
with negligible bead formation. In order to improve the MOF loading, this study proposed the
use of a coaxial electrospinning method where two different polymer/MOF solutions could be
electrospun silmutaneously to produce core-shell MOF/X@PAN (X = PS or PMMA)
nanofibers. After the electrospinning, the core-shell nanofibers were treated in a solvent
(acetone or chloroform) which would selectively remove “X”, the polymer constituent in the
core region of the nanofibers, without affecting the shell polymer and the MOF crystals. The
results in this study showed through microstructural imaging (SEM and TEM), FTIR, and TGA
data that the core region could be completely removed from core-shell X@PAN nanofibers
using acetone or chloroform to remove PMMA or PS respectively. The resultant PAN
nanofibers were, however, found to undergo significant shrinkage after the removal of the core
polymer. Upon incorporation of MOFs to form MOF/X@PAN nanofibers, it was found that
following the removal of “X”, the remaining MOF/PAN nanofibers were ruptured along the

length of the nanofibers such that the MOF crystals were exposed on the surface of the
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nanofibers. It was, therefore, difficult to determine the MOF loading of the remaining
MOF/PAN nanofibers. Regardless of the destructiveness of the removal technique, the textural
properties of the core-shell MOF/PAN nanofibers were found to be higher in comparison to
MOF/PAN nanofibers prepared by single-nozzle electrospinning and containing 20 wt% MOF
loading. The core-shell UiO-66/PMMA@UiO-66/PAN and MIL-101/PS@MIL-101/PAN
nanofibers were found to have total gravimetric Hx capacities of 1.1 wt% and 1.7 wt%,
respectively, at 77 K and 100 bar. The total gravimetric H, capacity of electrospun PIM-1
nanofibers was 2.7 wt% under the same conditions. Interestingly, the H> working capacity
obtained in core-shell MIL-101/PS@MIL-101/PAN nanofibers was 0.9 wt% in comparison to
the respective 0.1 wt% and 0.8 wt% obtained for UiO-66/PMMA@UiO-66/PAN and PIM-1
nanofibers. This was due to the highly microporous nature of UiO-66 and PIM-1 which were
found to show more Type | adsorption isotherms. The possibility to change the adsorption
behaviour of MOF-based materials from Type | to other adsorption types that show higher gas
adsorption rates at pressures greater than 5 bar could possibly improve the working/deliverable
H> capacity. In order to impart optimum-application-specific properties onto UiO-66-based
composite materials, the study proposed the incorporation of graphene foam (GF) as a carbon
source that could impart an improved the thermal conductivity in comparison to that of pristine
UiO-66.

The preparation of GF was done through chemical vapour deposition (CVD) using a nickel
foam (NF) as a template. The GF was successfully synthesized using acetylene deposition gas
at 1000 °C under an inert argon (Ar) atmosphere. The GF was found to retain the structure of
the NF showing large macropores and synthesis of GF with a high degree of defects due to the
presence of multilayers of graphene in the bulk composition of the GF. In previous studies, the
growth of MOFs on the surface of defective graphite/graphene forms was observed to hinder
the growth of well-defined MOF crystals and was shown to possibly lead to MOF crystals with
distorted structures [146]. In this study, UiO-66 crystals were successfully grown on the surface
of the GF product and using a two-step crystal growth method it was found that well-defined
UiO-66 crystals were obtainable in comparison to growing UiO-66 directly on the surface of
GF (via a single-step growth method). The use of a two-step crystal growth method was also
found to improve the UiO-66 loading up to ~80 wt% with respect to the weight of GF in the
GF/UiO-66 composite. The thermal conductivity was, however, found to be greatly influenced
by the porosity of the materials compared to its chemical composition. The GF/UiO-66

composite was found to have the lowest thermal conductivity, 8% less in comparison to UiO-
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66 powder and 53% less than pelletized UiO-66. The highly microporous structure of UiO-66
and extensive connectivity in its nodes could greatly contribute to a relatively moderate thermal

conductivity in comparison to the more macroporous GF/UiO-66 composite.

The final part of the study was focused on incorporating polymer-based binders through co-
pelletization with UiO-66 powder. The binders of choice were the PIM-1 nanofibers and core-
shell MOF/X@PAN nanofibers. The adsorption behaviour of pristine UiO-66 pellet was the
typical Type | adsorption isotherms for both N> adsorption/desorption and H:
adsorption/desorption at 77 K. The incorporation of 5 wt% of the nanofibers was found to
change the adsorption behaviour of the UiO-66 to a combination of Type | and Type Il
isotherms. This was attributed to the production of mesopores in co-pelletized UiO-66+ 5wt%
nanofiber composites which was previously not observable in the pristine UiO-66 and
MOF/PAN nanofibers prior to co-pelletization. The conversion to Type I/Type Il adsorption
behaviour meant that the co-pelletized UiO-66+nanofiber composites could obtain low H>
adsorption at low pressure (P < 5 bar) and increased adsorption at higher pressures in
comparison to the pristine UiO-66 pellet. As a result the total gravimetric Hz capacity of
pelletized UiO-66+PIM-1 composite was 3.9 wt% in comparison to 4.2 wt% obtained for
pristine UiO-66 pellet, however, the gravimetric H> working capacity was 2.3 wt% and 1.9
wit%, respectively. Ultimately the pelletization of UiO-66 could possibly ensure the
improvement of the volumetric H> capacity without greatly compromising its gravimetric Hx
capacity. In addition, the incorporation of electrospun nanofibers via co-pelletization with UiO-
66 could form UiO-66/nanofiber composites with a hierarchical pore structure that could

possibly improve the gravimetric H> working capacity of pelletized UiO-66.

This study was focused on the development of a UiO-66-based composite with application-
specific properties for H» storage and it was evident from the results that the volumetric H>
capacity of UiO-66 could be improved without compromise of its gravimetric H> capacity, a
very rare case in MOFs pelletized at applied pressure above 500 MPa. In addition, the
gravimetric H> working capacity was improved through the incorporation of nanofibers as
binders through the creation of a hierarchical pore structure resulting from the co-pelletization
method. The study showed that the porosity of a carbon-based material was a key factor that

affected the thermal conductivity more than the chemical composition of the carbon. Lastly,
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this study showed the possibility to introduce a hierarchical pore structure via a co-pelletization
method of UiO-66 powder with 5 wt% electrospun nanofibers based on PIM-1 and PAN. The
hierarchical pore structure was shown to be a key factor in changing the adsorption behaviour
of a 95 wt% UiO-66 composite from Type | to a combination of Type | and Type Il adsorption.
This was found to ensure that the gravimetric Hz working capacity would be further improved
owing to the reduced H> uptake at pressures around 5 bar and below, without greatly reducing
the Hy uptake at 100 bar.

7.2. Recommendations

This study was successful in demonstrating the high mechanical stability of UiO-66 and how
it could be exploited to improve the volumetric H2 capacity, H> working capacity, and thermal
conductivity of UiO-66 without compromising its gravimetric H, capacity. Some of the
recommendations and future work that could be gained from this study are included in the

following list:

I.  Preparation of MIL-101@Ui0O-66 core-shell MOF composites. These have been shown
to have higher gravimetric Hz capacities in comparison to the individual MOFs (Ren et
al., 2014). Using the information from this study MIL-101@UiO-66 composites could
possibly show improved volumetric H> capacity and H»> working capacity in their
pelletized forms, without any compromise to their original gravimetric H. capacity
obtained in their powder counterparts.

ii.  The post-synthesis heat treatment of UiO-66 should ideally involve a solvent exchange
step prior to low-temperature activation/degassing (80 to 150 °C) in order to maintain
Ui0-66 in its mechanically robust hydroxylated form.

iii.  Preparation of electrospun MOF/PIM-1 nanofibers that could possibly show higher
BET surface areas and pore volumes in comparison to PIM-1 nanofibers. The co-
pelletization of MOF/PIM-1 nanofibers with MOF powders could produce
MOF/nanofiber pellets with hierarchical pore structures with even higher gravimetric
H> capacities and H. working capacities compared to the pristine MOF pellet.

iv.  The use of a two-step or multi-step crystal growth method onto graphene foam could
be employed for any MOF types, with the focus directed at reducing the macroporosity

of the graphene foam substrate so as to improve its thermal conductivity.
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The use of coaxial electrospinning of PMMA@PAN and PS@PAN nanofibers was
successfully employed to facilitate the selective removal of the core polymer (PMMA
or PS) without affecting the PAN shell. The use of solvents was however found to be a
destructive method. The use of irradiation to selectively remove PMMA and/or PS from
core-shell PMMA@PAN and/or PS@PAN nanofibers could be an alternative method.
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