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Introduction

1 Introduction

Natural gas and biogas or zero emission hydrogen as alternative fuels could
significantly reduce the environmental pressures from carbon dioxide and other
emissions. The current higiressure or cryogenic gas storage methods are not ideal for
the economical storage of these gases for mobile (transport) applidedsnrption gas
storage offers attractive solutions for the capture and portable storage of these gases if
economically relevant nanoporous adsorbents are available. The Americamnizepa
of Energy (DoE) established the corresponding gravimetric and/or volumetric adsorption
capacities of the adsorbents.

Metalorganic frameworks (MOFs) with outstanding gas adsorption properties are one
of the most promising materials for this purpobketheir hybrid structure, multivalent
metal ions or clusters are connected by organic ligands via coordination bonds. Thus,
threedimensional open framework, with ordered open pore struigwenstructedThe
wide variety of suitable metal ions andyanic ligands provide excellent means to tune
the porous structure best fitting to the gas to be stored.

The methane adsorption capacity of an iconic MOF, namely copper
benzenel,3,5tricarboxylate abbreviated as CuBTC or HKU$T(after HongKong
University of Science and Technology), reaches the volumetric DoE target. Moreover,
production of HKUSTL is also solved on an industrial level, whichaisoutstanding
advantage. Unfortunately, HKUST suffers from a welknown disadvantage of MOFs,

i.e., they are sensitive to humidity. Another problem is that the powder form is not really
preferred for the mobile application. Formation of compact pellets would solve this latter
issue, but the amorphization of the crystelstructure occurring during the compression
process results in porosity loss. The third problem is the insufficient thermal conductivity
of MOFs which compromises both the uptake and working capacities. Composites with
thermally conductive nanostructuredaterials may provide a solution to all the three
challenges. They can potentially enhance the mechanical stability and the water resistance
and the thermal conductivity in MOFcarbon associated systems.

In my thesis two of the above mentioned chalks)gwater sensitivity and the
mechanical stability will be addressed. Nanostructured carbon support such as carbon
aerogel and graphene oxide will be studied as potential associating materials. The water
sensitivity of HKUSTF1 will be revealed and the effeof the carbon supports will be
demonstrated.
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2 State-of-the-art

Nowadays, environmental protection plays a crucial role equally in everyday life and
scientific research. Great efforts are invested into the development of green and
sustainable technologies to eliminate or at least reduce the harmful effects of human
actvity. 2030 climate & energy framework of European Union (EU) includesndié
targets and policy objectives for the period from 2021 to 2030 [1]. Key goals for 2030
involve at least 40% cuts in greenhouse gas emissions (from 1990 levels), while the rising
amount ofgreenhouse gasin the atmosphere has already led to the worldwide problem
of climate change. Since 1960 the carbon dioxide emission sharply increases and clearly
shows correlation with the growing temperature anomaly (Fig. 1) [2].
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Figure 1.Change of the atmospheric carbon dioxide concentration (greyyand
Earthdéds surface tempe.qabier2dre (bar chart) si

Therefore, separation and capture of carbon dioxide from flue gas or even directly
from the air is an urgent task the alleviation of greenhouse effect. Fossil fuel power
plants continue to be the largest £@mitter [3,4]. The transport sector contributes
significantly to energy consumption at global level. Still relyinginly on fossil fuels, it
is another key souecof carbon dioxide emission. Replacing conventional fossil fuels
such as gasoline and diesel with alternative energy sources would undoubtedly reduce the
environmental pressures from €@nd other emissions. Not incidentally the oil
dependence of the sety would lower too. Use of clean energy gases like hydrogen or
methane is among the promising solutions [2).5

A future scheme of supplying energy using hydrogen has raised already in the 90s.
The term fAhydrogen econo myigprafesssreficiemisirg s coi n
(University of Pennsylvan)ain 1970, while the modern interest in hydrogen economy
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goes back to a technical report published in the same year by Lawrence W. Jones of the
University of Michigan [10]. Currently the Hydrogen Cailnestablished in 2017, unites

the leading energy, transport and industry companies with a unified antelomgision

to develop the hydrogen economy [11, 12]chHin be produced from water by electrolysis

via utilizing renewable photovoltaic energydno- or wind power. Thus, the renewable
energy can be stored as chemical energyl@l3 Its energy per unit mass (gravimetric
density) is clearly outstanding, but its energy per unit volume (volumetric density) is
really far from the conventional fuelach as gasoline or diesel (Fig. 2) [8, 19].

® diesel

gasoline

30F

bropane;
ethanol .1 t (tq)

Volumetric density [M]/L]

® ®
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°®
methanol

T © eth H; i o
oo @ Hagaoonm
Ho (@) 350 bag0
0 . . \ . ) ’
0 20 40 60 80 100 120

Gravimetric density [M]/kg]

Figure 2. Comparison of gravimetric and volumetric energy density of different
fuels. Solid and open symbols denote liquid and gas, respecfafedy 19]

Methane, the main component of natural gas, is alpoomising, relatively clean
alternative fuel. It exhibits the highest H/C ratio among hydrocarbons thus its
consumption produces the least carbon dioxide. The downside, however, is that natural
gas is also fossil fuel [19, 20]. Many researches focuseptacing natural gas with
renewable biamethane, obtained by the upgrading and purification of biogas. Biogas is
the result of the natural anaerobic digestion of the residual biomass from various sources
(animal waste, sewage treatment plants or industdatewater and landfills), performed
by microorganism. Thus, proper waste management enabbte to energy conversion,
by using biodigester tanks for biogas and scrbathane production. Since methane
belongs to greenhouse gases as well, (with 21 tigéer greenhouse warming potential,
GWP then carbon dioxide) the contribution of human activity to methane emissions can
be lowered too by proper waste managemen?f1 The low energy density of methane
fuel highly challenges the application of natuyas (or biemethane) vehicles (Fig. 2).
Compressed natural gas (CNG) is already being used as vehicle fuel in many countries
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but it requires very heavy thick cylindrical or spherical stainless steel tanks with
200-250bar pressure tolerance [2B]. Liquefied natural gas (LNG) is an alternative to
CNG, but this can only be stored in a cryogecoatainers, below its boiling point
(-162AC) [27, 30].

All in all, the feasibility of gas storage methods depends on good volumetric and
gravimetric capacity, safety requirements and cost. Porous materials offer attractive
alternativefor capture, portable storage and transportation of the mentioned gases via
adsorption gas storag€his technologycan be a solution to the disadvantages of
traditionalstoragemethods|5, 7, 19, 31]

2.1 Adsorption gas storage

Adsorption gas storage relies on the reversible physical adsorption of the target gases
on in the pores of a proper adsorbent (Fig. 3). Gas molecules practically fills the pores
and they are nearly as close to each other as in liquid phase. Thus, d&irsg qfahe
gas molecules can be achieved uméaisonabléemperature and pressure compared to
cryogenic or high pressure storage technologies.

Figure 3. Schematic illustration of adsorption gas storage tank. (yellow spheres:
gas molecules; enlargeda®n: empty porous material]32]

The amount of the adsorbed gas molecules depends on the temperature, the gas
pressure and the strength of the interactions between the adsorbent and the molecules.
Nanoporous materials, possessing the essential highremppeurface area and pore
volume, are the most promising material family to fulfil the role of adsorbent in
adsorption gas storage. The IUPAC (International Union of Pure and Applied Chemistry)
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recommended terminology of porosity helps to clearly defiapoporous materials.
Macropores are pores of widths exceeding 50 nm, mesopores are pores of widths between
2 and 50 nm and micropores are pores of widths not exceeding 2 nm according to IUPAC
classification [33]. Moreover, micropores are often divided intrrow or ultra
(approximated width <0.7 nm) and wide micropores (approximated width >0.7 nm). The
term nanopore embraces all these categories, but with an upper limit of about 100 nm. In
terms of gas storage, in this size range adsorption is the mostédne pore filling. Any
nanoporous material by itself is not sufficient for successful gas storage application, they
must meet a number of additional requirements. Currently, the lack of the reasonable
adsorbent inspires countless researches on adsatbesliopment for this technology
[34-39].

2.1.1 Adsorbent requirements

As a condition of economical application, the US Department of Energy (DoE) has
established the technical performance targets for hydrogen and methane uptake which
ensure adequate energy dities. Volumetric targets in hydrogen storage systems has
been establishedfor different applications such as onboard ligiaty vehicles
(0.050kg Ho/dm®  system) [40], rechargeable portable power applications
(0.04kg Ho/dm? system) [41] and material handling equipment (&k@3/dm® system
[42]. Gravimetric and volumetric DoE targets are also available in terms of methane
adsorption capacity (0.5 g Gid adsorbent; 263 ctiCHi/cm?® adsorbent at 365 bar,
room temperature) for natural gas storage in alternative fuel vehicles [43, 44]. To meet
these crucial targets, several aspects need to be considered in the design of adsorbents.

Kaneko et al. formulatethe requested properties for nanoporous materials [19].
Firstly, for reaching high adsorption capacity, the adequate pore structure is essential, as
the adsorption potential of methane, hydrogen and carbon dioxide is a function of the pore
structure. Widemicropores and narrow mesopores seems to be optimal pore sizes and
slit-shaped micropores would be preferred. High kinetics of adsorption and desorption is
also required, as the fast availability of the micropores is crucighelnase of powder
adsorbats, only microporous materials would work, where the micropores are externally
directly accessible for the target gases. Powders, however, are not desirapiaatieal
point of view, furthermore the idle interparticle space would significantly rethee
volumetric adsorption capacity of the system. On the other hand, only microporous
monoliths are also problematic. The lack of larger pores, which could provide the
interconnection to the inner micropores, greatly reduces the rate of adsorption and
deorption. Therefore, monolithic adsorbents with hierarchical pore systems are the most
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promising structures. In terms of practical application, such as onboard vehicle
transportation, continuous operation is a reasonable expectation, i.e. the storage should
be reversible. Also, the storage and delivery or the working capacity (the accessible
amount of the stored) must be constant. Since the tank volume is also determinative, high
packing density is recommendethus, maximizing the amount of gas adsorbetha
minimum volume of adsorbent is one of the main challefi@s

Besides the adsorption properties, inertness, mechanical and chemical stability of the
sorbents are naturally crucial. Finally, we cannot forget about thermal management.
Physical adsorptin is exothermic, it involves heat generation and the occurring
temperature rise of the adsorbent reduces the effectiveness of the adsorption and so the
storage capacity. Similar problem arises during the discharge of the stored gas, while the
desorption$ endothermic, and the decreasing temperature lower the discharging rate and
the desorbed gas amount. Therefore, numerous researches aimed at increasing the thermal
conductivity of the sorbents to dissipate the heat evolved/supplied during the
adsorption/ésorption process [19].

2.1.2 Nanoporous materials for adsorption gas storage

A wide range of nanoporous materials has remarkable potential in adsorption gas
storage. Among them, carbonaceous adsorbents, which are predominantly constructed
from carbon atoms, eate an enormous class with diverse structures and properties.
Generally, they have the advantages of high specific surface area and pore volume,
tuneable porosity, thermal and chemical stability, and most of them are hydrophobic in
nature and so their agiption efficiency is not affected in the presence of moisture.
Moreover, wide range of preparation methods from a large set of precursors are available.
They enjoy great popularity in adsorption related applications [36, 37, 45, 46]. Many of
their represetatives including pyrogenic carbon materials (biochar, charcoal, carbonized
biomass,) [4750], porous activated carbons {58], carbon aerogels [54, 55] and ordered
porous carbons carbon nanotubes, graphene and graphene derivatives), &tw
promising performance in the adsorption and storage of clean energy gases or carbon
dioxide. Noteworthy, that activated carbons potentially can reachaladbgets for Chli
storagg52].

Non-carbonaceous adsorbents include among others zeolites, microporonie orga
polymers and metairganic frameworks (MOFs). Zeolites, natural or synthetic
microporous aluminosilicates are w&hown commercial adsorbents with outstanding
hydrothermal stability, moderate specific surface area and porosity. The interconnecting
channels and cages forms of the building blocks form a network ofdedihed pores
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with sizes in the range of molecules of industrial interests. In their structure
([SIAIKOz]* TM*,), the negative charge of the rigid, sikatuminate framework is
compensaig by the cations (V). The tuneable polarity of the framework, the presented
various active sites and the particular porous structures provide a uniquesstepiee
effect toward the adsorption of GQbut they are extensively studied for the capture of
H, and CH as well. [5363]. Their application under humid conditions is challenged by
the high adsorption affinity of wat¢80].

Microporous organic polymer@OPs) which are also referred as porous organic
polymers,porous organic frameworks or nanoporous organic polymer networks in the
literature, are prominent representatives of nanoporous materials in terms of their low
density associated with high surface area and porosity. One of the most attractive features
of MOPs is the outstanding structural and functional diversity, due to the wide variety of
the organic ligands and possible synthesis methods. MOPs include amorphous materials
like hypercrosslinked polymers [64], conjugated microporous polymers [65], polymers
of intrinsic microporosity [66] and crystalline materials as covalent organic frameworks
[67, 68]. Thanks to their tuneable and outstanding pore structure, all representatives have
achieved remarkable results in gas adsorptior/[g9

Metalorganic franeworks(MOFs)also can be considered as MOPs. But significant
difference is that in their hybrid crystalline structures metal ions or clusters are linked
together through the organic ligands by coordination bonds. Thus, they are also named as
porous coordiation polymers in the literature [72, 73]. In spite of their low hydrothermal
stability MOFs are one of the most promising materials in terms of hydrogen and methane
storage as well as carbon dioxide sequestration [Z674

2.2 Metal organic frameworks (MOFs)

Metalorganic frameworks are a new generation of nanoporous materials. In the early
90s, Yaghi and Li reported the synthesis of the first tiigeensional MOF [77]. Later,
in 1999, two archetypical MOFs, MG&-(Fig. S1a) [78] and HKUST (Fig.4 and S1p
[79] were synthesized, symbolizing the benchmark in MOF chemistry. In 201-2,18U
(Fig. S1c) was prepared with the highest measured apparent surface area of/gl40 m
among MOFs [80]. This world record was only broken 2 years ago, in 2018, by6DUT
(Fig. S1d) with the apparent surface area of 7889 [81]. Besides the high surface area,
their unique structures, ordered pore network, tuneable porosity, accessible metal active
sites, outstanding diversity and countless application possibilities makeptréicularly
attractive to scientists. Undoubtedly, over the past two decades research on MOFs is
extremely intensive. Thanks to the wide variety of organic ligands associated with the
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extensive range of transition metals (compared to zeolite materiddeyt 70,000
synthesized structures are already identified in the Cambridge Structural Database. MOF
related researches not only grow year by year but also become more and more diversified
[82].

There are no defined rules for naming MOFs. Typically, strategies are used:
MOF+number abbreviation, like MG¥ or acronym+number abbreviation, where the
acronym usually denotes that university where the MOF was first prepared, like
HKUST-1, NU-110 or DUT60. In many cases the origin of the name cannot bedrac
back or acronym description not available. Information on the structure of MOFs is
summarized in Figure S1.

2.2.1 Structure and properties

Metalorganic frameworks are built up from larger periodically recurring structural
arrangements of metal ions or clust§metal nodes) connected by electron donor
heteroatoms to the organic ligands/linkers through coordination bonds. These metal nodes
are widely designated as secondary building units (SBUSs), although the organic linkers
can also be viewed as SBUs geonuetly. The diversity of the developing lattice
structures and the corresponding SBUs and organic linkers are shown in4j§8fe
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Evidently, the organic ligands define the voids within the solid phase and thus the
pore network of the open framework. The considered selection of the building blocks
provides the opportunity to the extensive design of physiochemical inner surface
propertes and thereby establishing such a large variety in topologies and structures.

In terms of structural properties, the organic compounds are preferably aromatic, but
they can be aliphatic too. According to the donor heteroatoms, they could be oxygenated,
typically carboxylates or perhaps phosphonates, sulfonates and phenolates or
nitrogenated such as imidazolate. Transition medaled MOFs are the most widespread,
but alkali, alkalineearth, and rarearth metabased ones exist as well [83]. The
formed neutral threelimensional structures are mostly insulators or semiconductors, but
several attempts have been made to design conductive MOFs to utilize metal ions as redox
active centres in electrochemical reactlmased applications [88, 89]. The preseid
open metal sites (OMSs), also referred as coordinatively unsaturated sites or open
coordination sites may provide an additional interesting structural feature. The concept
of free coordination sites is wdillinctioning in classical coordination chetnys or
organometallic chemistry. When, for example, five coordination sites of the metal ion are
saturated with the coordinative organic ligands, but the expected coordination number of
the metal ion is six, the unoccupied site is an OMS. OMSs may repthasestrongest
binding sites in the MOF and allow intense or even selective interactions with several
substrates. ThussSs br oaden the range of applicatio
without OMSs and thus represent a remarkable branch of resear®B][HKUST-1,
the already mentioned iconic MOF, was the first MOF with OMSs synthefigdd

Stability

Key features of MOFs are undeniably their hybrid crystalline nature (metal nodes,
organic ligands). Their tailorable and functionalisable open pordwsteuassociated with
permanent porosity result in high apparent surface area and large micropore volume.
However, due to their complexity, it is very difficult to foresee their chemical, thermal
and mechanical stability. Although, the comparison of theeem@ntal resultsand
theoretical approacha®s far allow the formulation of certain rulg83-95].

Chemical stability refers to the resistance against different chemicals, such as water,
acids, bases, solvents, etc. in the operation environment. Ggnbt@rs suffer from
low water resistance, which mostly limit their use not only in practical applications
requiring direct contact with water, but also in processes where the presence of moisture
is unavoidable. Based on experimental results, certaidgiesve been observed that can
help to increase the chemical stability of MOFs [87-98% Low et. al investigated the
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hydrothermal stability of a series of MOFs: MGF HKUST-1, ZIF8 (Fig. Sle),
Al-MIL-110 (Fig. S1if), ZaAMOF-74 (Fig. Slg) , MOF08b (Fg. Sih),
Zn-BDC-DABCO (Fig. S1li), CfMIL-101 (Fig. S1j), AIMIL-53 (Fig. S1k) Their
experimatal and theoretical study concurringly confirmed that the metarboxylate
coordination bond (such as in HKUL) wasless stable then the metaimidazolate
coordination (such as in Z18). Furthermore, higher coordination of metal ions results in
better inhibition of water access to the bond and higher oxidation states of the metals
leads to stronger interactions [99]. Consequently, the stability againstmaitdy relies

on the strength of the metaligand coordination bonds. This conclusion is also true for
chemical stability. Using cations with high oxidation states and high charge densities
and/or highly complexing organic ligands leads to strongerantions between the metal
cation and the linker and thus chemically more stable structures. Following these
directives, a large number of watgtable MOFs have been prepared [26, 96, 100].

In terms of thermal stability, thermal degradation in most M@=llts in the
breakage of the metal ligand coordination bonds, followed by the combustion of the
organic linker. Although amorphization, melting, nedester dehydration, linker
dehydrogenation or graphitization are also possible phenomena duringpgheat
Experimental studies indicate that, in terms of thermal stability, strong coordination
bonds and metal ions with high oxidation states are advantagewisicorporation of
short aromatic organic linkers and metal ions with stable oxidation sitesllags the
creation of defeetree dense structure, avoiding large cavities, expectedly improves the
thermal stability. Generally, MOFs have moderate thermal stability. The most thermally
stable MOFs preserve their @7,978talline p

Most researches, especially in the early stage, focused on the preparation of MOFs
with extended porosity. Obviously, the increased porosity is associated with inherently
weakened mechanical stability. At this point it is important to noteriderstanding, that
MOFs are usually synthetized in solvent medium thus the pore structure of the as received
network is occupied with solvent molecules, which must be removed to get the pure
framework. Initially, it was found that MOFs can lose their talmity during the
removal of these guest molecules, which is probably the main stability issue of MOFs.
To avoid this kind of degradation, supercritical carbon dioxide is used for the careful
removal of the solvent [101]. Generally, high structure dessiwith minimalized
porosity result in enhanced mechanical stability [87, 96, 97].

Flexible, breathing MOFs also exist. Their framework has multiple (meta)stable states
and the size and shape of their pore change in the presence of guest molecules. This
breathing effect also leads to minimalized capillioxce driven damage [4, 102, 103].
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Mechanical properties such as elasticity, hardness, plasticity or fracture toughness are not
among the fistandardd physical chmostgct eri st
because of the experimental difficulties due to the small crystal sizes. Nevertheless, more
review articles deal with the systematic efforts that were made in measuring the
mechanical properties of MOFs [1-0407].

Besides the traditional threBmensional frameworks, investigation of low
dimensional MOFs such as ultrathin 2D MOF nanosheets or 1D MOF nanofibers with
improved thermal stability, electrical conductivity and mechanical properties, high
flexibility, and highly exposed surface area witthanced atomic utilization of active
sites, have also been at the spotlight in the last ten yeard [1108

It is very difficult to find a balance between structural stability and properties. The
features that determine the application and the stabitityimed for certain circumstances
of use are always a matter of compromise. Fortunately, there are several options to
synthesize, tailor and functionalize the meateganic frameworks.

2.2.2 Preparation

MOFs are usually produced by the safsembly process dfssolvedmetal ions and
organic linkergn a proper solvent or solvent mixtuM/hich is followed by filtration of
the resulting crystals, commonly in powder form. In terms of applications, the decisive
final step is the factDuegtathe pprous natufe atdhigh op e n
adsorption capacity of MOFs, after the synthesis, solvent molecules occupy significant
part of the pore system and moreover coordinate to the open metal sites. Activation means
the liberation of the whole pore network antthe metal related active sites from the
undesirable guest molecules, while maintaining the structural integrity of the MOFs. The
activation strategies include conventional heating in vacuum, sedxehi@nge,
supercritical CQexchange, freezdrying andchemical treatment [92, 101].

With the development of the research atbawide range of preparation processes
are available (Fig. 5) [86, 11P14].

SONOCHEMICAL SPRAY :DRYII\'G
SOLVOTHERMAL TONOTHERMAL: FLOW CHEMISTRY

MICROWAVE ATOM]CELAYER ;])EP OSITION

ELECTROCHEMICAL
. ¥ y Y ¥ Y .,
1995 1998 2001 2004 T % 2007 2010 § T 2013 2016

M:E(fZH_ANOCBIEMICAL SUPERCRITICAL

HYDROTHERMAL i
TEMPLATE SOL-GEL

Figure 5. History of MOF preparation methodggfter 112]
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Solvothermal synthesis the most common strategs its name implies, includes
the heating of the precursor (metal salt and the organic compound) solution in a closed
vessel (e.g. teflofined autoclave) under autogenous pressure, above the boiling point of
the solvent or duent mixture. The conventional solvents are water, alcohols, acetone,
acetonitrile and further organic liquids, such as Hdidethylformamide (DMF),
N,N-diethylformamide and-inethyl2-pyrrolidone or there mixtures (e.g. DMF/ethanol,
DMF/water) [86, 115]The properties and so the yield of the resulting MOFs are affected
by numerous parameters such as the type of the metal salt and the solvents, ratio of the
precursors, concentration, relation of thapourliquid phase(is sealed autoclave)
reaction temprature and time [112, 116]. The pursuit of sustainability can also be
observed in the emerging synthetic methods in terms of using mild conditions,
environmentally friendly solvents or even solvéme technologies and the design of
rapid, high yield, lav waste synthesis routes. Electrochemical synthesis is a mild and
rapid process and offers the preparation of MOFs both in batch mode and in continuous
flow operation [117]. Mechanochemical synthesis may be absolute solvent free or uses
only a catalytic amunt of solvent and the chemical reaction is promoted by the
mechanical force of grinding [118]. Continuous flow chemistry provides faster and safer
reaction, cleaner products and more importantly easy scal¢thug it provides the
possibility to elimirate the welknown limitation of MOFs namely the largeale
production.The reagents are pumped together at a mixing junction and flew through a
temperatureontrolled tube, where the reaction takes place [119, 120].

The optimization in none of the prat#res is an easy task in small laboratscgle
either, but the transpose into large industsizdle is more difficult. This may explain that
only a handful of researches focus on industrial sepleoncepts, despite the fact that
much of them are reladeto the application possibilities of MOFs in more industrial
environment. Wang et. al reported the first lasgale synthesis in 2002 [121]. They
produced HKUSTL under solvothermal conditions with 213 kdttay spacdime yield
(STY). Later,onepot [122, 123] and hydrothermal synthesis [124], proved to be suitable
for largescale HKUST1 production with higher STY. In terms of new technologies for
largescale preparation of MOFs, breakthrough was achieved again with the synthesis of
HKUST-1 by electrochemical [125], continuous flow [119] and a mechanochemical
process called twin screw extrusion [126] technologies. For the latted0D4g)/m*>day
STY was attained, with high crystal quality and adequate apparent surface area of the
product. Oliously, outstanding results have been also accomplished in case of other
MOFs(MOF-5; IRMOF8 (Fig. S1ly UiO-66 (Fig. S1m) ZIF-8; Al(fumarate)(OH) (Fig.
S1n) [126 - 129]. HKUST-1 and ZIF8 are commercially available as Basdii@ 300
and Basolitt Z1200 respectively. AMIL-53 (Basolité A100), FeBTC
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(Basolité F300; Fig. S1o0) and MOE77 (Basolité Z377; Fig. S1p), are also produced
by BASF company (Baden Aniline and Soda Fabric) [130]. Moreover, severaligtart
companies have appeared on the mahegtproduce MOFs or MOBased materials [75]
such as Moftechnologies [131], Farmergy [132], novoMOF [133], MOFWORX [134],
ACSYNAM [135], Immaterial [136], Mosaic [137], NuMat Technologies [138],
Promethean Particles [139] and Water Harvesting Inc [140].

Design of MOFs

As already mentioned, the primary step to design MOFs with desirable features is the
selection of the proper SBUs and suitable synthesis. Several further possibilities are
available to functionalize and tune their structures in order tooweptheir chemical,
thermal or mechanical stability, furthermore to develop appropriate properties for
versatile applications. Such strategies include isoreticular synthesis, modulated synthesis
and postsynthetic modificatiofPSM).

Isoreticular synthesihas proved to be an ideal technique for the expansion of the
metrics of a known MOF, maintaining the underlying topologies. The firstly synthetized
objectlesson of these types of MOFs is the IRMOF series, in which {8QBr
IRMOF-1) was the initial strcture [141]. The yellow spheres in Figure 6 represent the
so-called van der Waals spheres that would fit in the cavities without touching the
framework and often used to visualize the pore size. By using the same organic ligand
decorated with functional gups which are pointing into the voids like in IRMQF
(Fig. S1q) or changing the length of the organic ligand, the pore polarity and size can be
varied within wide |imits. This is wel/l 0bs
of IRMOF-5 (Fig. SirJand IRMOF16 (Fig. S1s).

IRMOF-1 IRMOF-2 IRMOF-5 IRMOF-16

Figure 6. Structure of some representatives of IRMOF series. (Zn nodes: blue
polyhedral; O: red; C: black; Br: green in IRMOR; yellow spheres: Waals
spheres[after 141]
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Obviously, the presence of different groups insidgthres results in variant chemical
environments providing novel functionalities [£444].

The modulated synthesis is an excellent strategy for controlling the size and/or
morphology of the MOF crystals at microscopic level. In 2009, Kitagawa et al.
demonstrated that the crystal growth can be controlled by using a modulator with the
same chemical functionality as the organic linker [145]. In this strategy, the modulator
reversibly coordinates to the metal ions and so influences the coordinatiotraguili
Such a competitive modulating agent slightly inhibits the crystal nucleation, decelerates
the reaction and thus allows the correction and regulation of structural defects in the
self-assembly reaction, resulting in increased crystallinity {144].

Postsynthetic modifications offer several possible routes for subsequent change of
the MOF structures by conducting further reaction with the metal nodes or the organic
ligands while the crystalline state and crystal morphology are retained. PSM teshniqu
include the functionalization of the metal ions or the organic linker via covalent or dative
bond formation with different substrates, moreover the complete exchange of these
building blocks to others. Thus, the method enables the formation of MOFsatirait
be obtained by direct synthesis. The properties of the resulting new structures such as
porosity, surfacehemistry, chirality, stability, hydrophobicity, sorption and catalytic
properties, luminescence and magnetism could significantly alter {424,50].

These strategies have an important role in the stability improvement of MOFs.
Lahet.al prepared ZrHKUST-1 (Fig. S1t) and Z#+#MOF2 (Fig. S1u)with the partial
or complete replacement of Zrions to Cé* by transmetalatioithe irreversibiliy of the
process showed that copper ions improved the thermodynamic stilslfly The same
research group also synthetized isostructural ITHD (acronym description not available)
(Me(btb)(bp) (where M: Zn(ll), Co(ll), Cu(ll), Ni(ll); btb:1,3,5benzentibenzoate; bp
= A4dipyritlyl, Fig. 4) MOFs, by transmetalation of ITHD(Zn) (Fig. S1w). The best
framework stability was achieved with copper incorporation [1¥2ng et. al also
demonstrated, that the mechanical stability can be improved by metangechThey
preparedzinc basedsDU-1 (acronym description not availablgig. S1v)After thermal
activation, really low apparent surface area was observed, which indicated the structural
collapse during the activation process. To improve the stability, tised metalon
metathesis in a singlerystal tesinglecrystal (SCGSC) fashion to change the Zions to
Cl?*. The obtained G&DU-1 possessed over three times higher apparent surface area
than SDU1, which obviously enhanced its hydrogen and methdserption capacities
[153]. Functionalization of an existing MOF could prevent the accessibility of the
coordination bonds for destructive molecules and/or increase the hydrophobic character
of the inner surface to improve water resistance {154]. Al-Janabi et. al saturated the
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open metal sites of HKUST with glycine(Gly) by simple and economical PSM method.
The resulted GKRHKUST-1 with 28 wt% glycine content showed improved
hydrophobicity in dynamic water vapoadsorption, but its apparent surface area and
pore volume significantly decreased [157].

As shown MOFs are outstanding among nanoporous materials because of their highly
tuneable pore size and functionalifjhere are innumerable methods availablegsigh
MOFs, which not only determines their properties and stability, but thereby their diverse
application possibilities.

2.2.3 Applications

Scientists are trying to utilize the unique hybrid crystalline pore system of MOFs in
numerous research arg&sg. 7).

o
@ Separation t_ ’

Purification

' Catalyst

Gas storage

€0

Sensor s
“F &
e MW

-~ PN

Drug storage

Figure 7. Widespread application of MOFR6]

In terms of catalytic applications [96, 158] MOFs are studied in several fields such as
photocatalysise.g., photocatalytic CQOeduction to photosynthesize carboontaining
chemicals [159],catalytic decomposition of toxic species [160] or photocatalytic
hydrogen production from water [18%1]. MOFbased sensors for ions, gases,
antibiotics, biomolecules, explosives, organic volatile and organic energetic compounds,
or for temperature sengjrhas been also investigated [96, 111, 162, 163]. Using MOFs
in water purification [26, 109, 160, 164], in biomedical application Wamctive
compound carriers, celnaging materials, therapeutic agents) [96,165], in green
energy generation and storage (e. g. solar harvesting) [166, 167] and in electrochemical
energy storage and conversion (batteries [159], supercapacitord B3@nd fuel cells
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[159, 168]) are also extensively researched areas. A relatiaal field is the water
adsorption from ambient air for humidity control and water harvesting in regions
suffering from water shortages [75].

Undoubtedly, application of MOFs in gas separation and storage is the most widely
studied field. MOFs are proniig in purification of complex feedstock mixtures,
adsorption of toxic industrial chemicals such as ammonia, sulphur dioxide, hydrogen
sulphide, chlorine and nitrous oxides or in biogas upgrading by &if3orption.
Separation, capture and storage of ,GQiays an important role in environmental
remediation as well. MOFs have great potential in the storage of alternative clean energy
gases such as methane and hydrogen (Fig. 8) [66, 31, 75, 160, 165].

ZTF-1
for high CO, §

2K MIL-101(Cr)
> for high H,, CO,

& HKUST-1

r for high CO,, CO, CH,
MOF-74 (Mg, Ni, Co)
for high CO,, NO,CH,

MOF-5 Bio-MOF-11
for high H, for high CO,

Figure 8. MOFs for gas adsorption and separatigafter 114]

Carbon dioxide adsorption

MOFs have been extensively investigated for the capture and separation.of CO
Several favourable structural properties have been specified which mainly contribute to
their high carbon dioxide adsorption capacity and seigctbased on experimental and
computationatlata[169]. Generally, besides their apparent surface area and pore volume,
the size and polarity of the pores ati presence of open metal sites are the determining
properties. By creating pores with sizdgse to the kinetic diameter of G(®.330 nm)
the isosteric heat of adsorption, which is related to the strength of the adsorbate
adsorbent interactions, and thus the adsorption capacity can be increased. Moreover, it
enables the separation of €@om gases with similar kinetic diameter, such as N
(0.364nm) and CH (0.380 nm), based on size/shape exclusion utilizing molecular
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sieving effect (kinetic separation). On the other hand, the adsorption affinityafi@0O

high quadrupole moment can berieased against neggolar molecules (Nand CH) by

the polarization of the pores. Attachment of amine, sulfonate, phosphonate polar groups
or open nitrogen sites on the backbone of the framework proved to be the most effective
functionalization. Besidestreng interactions between the metal ions and the organic
ligands results in more ionic coordination bonds thus generating more polar environment.
The presence of coordinatively unsaturated open metal sites with-beidis character

is also favourable,isce they act as specific coordination sites for,@&@sorption
(thermodynamic separation). Although, under humid conditions, competitive adsorption
develop between the-B and CQ molecules, which challenges the application of MOFs
with such structural feature. To prevent the adsorption of water, hydrophobic frameworks
have been also constructed with high G®lectivity over HO, but the lack of strong
binding sites for C@resuls in poor CQadsorption capacity. [26, 76, 166, 1691].

Ghanbari et al. summarized the performance of different MOFs in terms of CO
adsorption capacity and isosteric heat of adsorption to date at low and high pressures.
At lower pressure the specifinteractions between the G@nd MOFs are dominant,
while at high pressure G@dsorption the overall pore volume is more relevant. Thus,
excellent adsorption capacity at high pressures does not necessarily mean good
performance at lower pressure range gitg versa. [76]. Among MOFs, MIOF-74
(Fig. 1Sg) series (M = Ni, Co, Mg), especially NWOF-74 has prominentCO,
adsorption capacity at low pressure. Wu et al. compared the adsorption performance of
Ni-MOF-74 and MgMOF-74 prepared by hydrothermal and cnowave assisted
methods. Both MOFs obtained from the microwave synthesis showed higher CO
adsorption capacity compared to the hydrothermally synthetized material. At the same
time, the adsorption capacity of Mg based MOF was twice as high as the Njwalo
produced under the same conditions. -M@F-74 obtained by microwave assisted
process showed outstanding £O&apacity with 9.95 mmol/ g at
Following the MOF74 series, the C{adsorption capacity of HKUST is also among
the best. Apra et al. compared the GGadsorption performance ofommercial
13X zeolite and synthetized HKUST under atmospheric pressure, at different
temperatures. They found that both adsorbents possess a higel€&ivity against p
At lower temperatures (10nad 2 0 A G pdsotptios pe@oBnance of HKUST
(~7.1 and ~5.6 mmol/g respectively) clearly exceeds that of 13X zeolite (~4.9 and
~4.5mmol/g respectively), but with increasing temperature, theuptake of HKUSTL
significantly reducedtoca. 28 (46C) and ca. 1.4 mmol /g (70 A
milder at the zeolite Therefore, at ambient temperature HKUSas a great potential in
CO, adsorption [172]. Li et al. prepared UiO(bpdc) (Fig. S1x) usinbekérocyclic
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carboxylate ligand (bpd&,2-bipyridine-5,5-dicarboxylate). In its framework the
bipyridyl groups were incorporated as free Lewis basic sites. The high pressure (20 bar,
20 A G adso@pton capacity of UiO(bpdc) with 79.7 wt% is one of the best among
MOFs, although it has only modge capacity (8 wt%) at 1 bar [173].

Hydrogen storage

Firstly in 2003 Rosi et al. raised the idea of using MOFs in hydrogen storage. They
reported, that the Hiptake of MOF5 under 20 bar was 4.5 wt% (22nmol/g) at195A C
and 1 W 5mmol / g) at 25 AC [174]. Since th
investigated for hydrogen storage and great efffasbeen invested inttheimprovement
their H, adsorption. Initially, high hopes were placed for MOFs owing to their large
apparent sudce area and micropore volume, but the weak van der Waals interactions
between the MOF structures angriblecules highly challenged this application. Several
studies focus on the reinforcement of these interactions. Obviously, pore size close to the
kinetic diameter of H(0.289 nm) strengthen the intermolecular bonds. MOFs with open
metal sites, especially with Mg, Mn, Fe, Co and Ni, are also promising because of the
higher isosteric heat of adsorptidds{ of H, at these metal siteslQ <Qs:<-13.5 kI/mol)
than at the poresX%~-3.8kJ/mol) [90]. In terms of the organic linker, aromatic rings in
their structure is preferable [5, 11, 175].

HKUST-1 and NU100 (Fig. S1y) are both copper based MOFs with open metal sites
and aromatic ring containing ongia linkers. HKUST1 has great badsorption potential
of 2.9 wt% at1 9 6 anfd@ospheric pressurBut its maximal uptake at 26 bar is only
4.1 wt% [176]. In comparison, NUOO0 has lower adsorption capacity (1.8 wt%) under
atmospheric pressure-dt 9 &€, bik at 26 bar it increases to ca. 7.5 wt% [177]. It clearly
shows, that at lower pressure favourably adsorbs in the smaller pores (0.5, 1.1 and
1.35 i) of HKUST-1 [178] compared to the relatively large pores (1.4, 2.4, 3.9 hm
of NU-100 [177]. Athigher pressures thgreaterapparent surface aredl{UST-1:
1500m?/g for, NU-100 6150 nt/g) is more advantageous. Besides,-MND possesses
remarkable Huptake of 9.95 wt% (56 bar) among MOEZ7].

Langmi et al. [11], Li et al. [5, 31] and Czardazkiewicz [175] summarized the
H. adsorption performance of MOFs. Considering thaptake of MOFs atl96A C a n d
at high pressure is generally abowl® wit% and their volumetric capacity is
0.04-0.06 kg/dm?®, they can potentially meet the Ddrgets of onboard lighduty
vehicles (0050 kg H /dm®system and 6.5 wt%) [40]. Unfortunately, under the
DoE objectives of operating conditions at ambient temperate4® { 6 0 A C) tr
performance of MOFs is far from satisfactory with aboutDwt% gavimetric and less

29



Stateof-the-art

than 0.015 kg/dn¥ volumetric H capacity [11]. Nevertheless, with the achievements
made so far, the huge structural diversity of M@Rd with the growing interest in MOFs
and MOFbased materials, they have still great potential in hyeinstorage [45, 75, 76].

Methane storage

The gravimetric and volumetric DoE targets for adsorbed natural gas (ANG) storage
are 05 g CH/g adsorbent and 263 é@H./cm?® adsorbent, respectively at-85 bar at
25 AC [31, 41, 42] .refriameng manoporoos natarials igthig t  t
field [179]. Primarily the porosity determines the £idlsorption capacity in MOFs. Fine
tuning of pore size and shape enaldeenhance the occurring adsorbatdsorbent van
der Waals interactions and thus @id, uptake. Although Chkimolecules evolve stronger
bindings through electrostatic interactions with open metal sites, their presence is not
necessary to reach a remarkable uptake [5]. For instance, the volumetric adsorption
capacity of the OMSree MAF38 (acronym description not availablEig. S1)) with
226 cni/cm®at 35 bar, 25 AC [ 18 0-tontdining HKVSTL b e st
(227 cn¥/icm®) [181]. Based on empirical data, the higher pore volume and apparent
surface area correlate linearly withe gravimetric Chl uptake [182]. Greater porosity
means larger nanospace in the framework, which results in reduced volumetric capacity.
Since, in passenger vehicles the place is limited for the fuel tanks, to achieve high
volumetric CH capacity is moreémportant. Optimizing the framework density and
porosity is essential to capture as much methane as possible in the smallest volume and
mass unit [31, 76]. Elongating the organic ligands and introduction of functional sites
which ensure stronger van der & interactions with CiHmolecules proved to be
effective strategies in increasing catisorption capacity. Based on these considerations,
Wen et al. constructed UTS200a (Fig. S1z), which has well balanced gravimetric

he

(0.283 g/g) and volumetric (241 éfom®) met hane adsorption capac

[183]. From application point of view the working or deliverable capacity is another
important parameter, since it determines the driving range of ANG driven vehicles. The
working capacity is basically theethane amount usable from the fully loaded tank. The
maximum adsorption pressure or service pressure is set to 35 or 65 bar because these can
be simply achieved by lowost singlestage or twestage compressors. The vehicle
engine requires a minimum inliel pressure to operate limiting the desorption pressure
ideally at 55.8 bar. Thus, the deliverable capacity is the methane released while the
pressure decreases from the service pressure to the desorption pressure [74, 184]. Flexible
or breathing MOFsoffer impressive solutions for the enhancement of the working
capacity. In flexible MOFs the pore expansion via reversible structural phase transition
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may occur in response to a specific methane pressure (gate opening pressure) during the
methane loadingFig. 9).

xR
A S
~=-:{::' .i:x.__
\'fﬁr”.
Expanded Co(bdp)

Figure 9. Pore opening of Co(bdp) flexible methane organic framework (copper:
grey, nitrogen: blue, cobalt: purplejafter 195]

Thus, below the gate opening pressure the &t$orption is poor, but sudderthye
CHs uptakeincreases dtigher pressures as a result of pore expanding. During desorption
when the low pressure is achieved the pores collapse and thus squeeze out the adsorbate
Obviously, gate opening pressure designed close to the limiting desorption rénge (5
bar) increasethe working capacity [31, 74]. Mason et al. reported the methane adsorption
performance of Co(bdp) (Fig. Bliflexible MOF [185]. It was found that tHeéH, uptake
of Co(bdp) is moderate 1@3n°/cm® and 205 crilcm® at 35 and 65 barespectively.
Thanks to the gate opening effect, it performed 155/am ( 35 bar , 25
197cm¥ecm® ( 65 b ar , 5 dIberyAtlus caC¥% of the adsorbed gas can be
utilized. Moreover, its deliverable capacity slightly exceeds that of the pnostising
MOFs such as HKUST with working capacities 150 éham? at 35 and 197 cffcn® at
65 bar, respectively.

Top-performing MOFs achieved really encouraging success in &tsorption
(Fig. 10) [31, 74]. The outstanding gravimetric performance e8¢MOF-1 (Fig. Sb)
is 0.414 g/g at 65 bar with the highest working capacity of 0.370 g/g approaching the
gravimetric DoOE target [186]. However, in terms of volumetric performance, it exhibits
only 197 cni/cn?® uptake at 65 bar with 176 éfam?® working cagcity. The relevance of
MOFs in methane storage is mostly supported by the fact that the performance of
HKUST-1 with highest volumetric capacity of 270 ¥om?® (associated with one of the
best reported working capacities of 1903%mm®) actually reaches ¢hvolumetric DoE
target [181]. However, its 0.216 g/g gravimetric capacity (with 0.154 g/g working
capacity), is far from ideal and must be improved.

31



Stateof-the-art

_ 600

- @ Al-soc-MOF-1

o

= 500F o NU-111

e @ MOF-205 o

£ MOF-177 aho

o 400 —K

= MOF-9059 NU-125

a -] Qo

3 300 MOF-5 NOTT-101

5 i

= PCN-149

T 0

£ UTSA-20

E 200 =

[=2]

Iﬂ!

Q 00 " 1 . 1 . N 1
180 200 220 240 260

CH, volumetric uptake, cm® (STP) cm™

Figure 10. Gravimetric and volumetric CH adsorption capacities of
topper f or mi ng MbaPdaftqf B3] AC, 65

2.3 Further MOF related composites and materials

The impressive chemistry of MOFs has also designated new research directions. On
the one hand, to improve the properties of MOFs, an engaging field has emerged, namely
the preparation of MOF Isad composites. In associated systems, the weak points of
MOFs can be eliminated and new physical and chemical properties may develop by
synergistic effects [159, 168, 187, 188]. The combination of the desirable features of
MOFs with unique catalytic, omi#l, electrical, magnetic properties or mechanical
strength of diverse functional materials such as quantum dots [189, 190], metal
nanoparticles [19193], polyoxometalates [194, 195], enzymes F198], various
carbon materials [19902], silicas [203], plymers [204], different monoliths [205] make
it possible to broaden the fields of application.

MOFs have also inspired a new route in the development of hanomaterials. From a
certain point of view, MOFs can be considered as organic matrixes with patiypdic
dispersed metal ions. Thus, several researches focus on the preparation of metal oxide
and metal hydroxide nanoparticles, carbon nanostructures or complex metal oxide/carbon
nanocomposites, using MOFs or even MOF based composites as sacrificiatesrtmt
instance in pyrolytic procedures[111, 159, Z®)].
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2.4 HKUST-1: Copper benzenel,3,5tricarboxylate

Copperl,3,5trycarboxilate was firstly synthetized by Chui et. al. in 1999. They
reacted Cu(Ng)3H,O with trimesic acid(Hsbtc: benzend,3,5tricarboxylic acid) in
ethanolwater mixture (1:1) undes ol vot her mal conditions (1
the formed MOF crystals, Cu metal and Guw@re identified in the product. The obtained
MOF was named after Horgong University of Science and @lenology as HKUSTL
[79]. Since then, HKUSTL is one of the most widely investigated MOFs, it is also
referred in the literature as ghic,, CuBTC or MOF199 and commercially available as
Basolité C 300 by BASF [130].

HKUST-1 is constructedf copper(ll) ions and benzerig3,5trikarboxylate (bté)
organic ligands (Fig. 11). From a theoretic point of view, the electron neutral structure
results of the charge equalization of two*0ons and three bicligands which justifies
the Cubtc, designation.

Figure 11. Structural formation on HKUST. C: grey; O: red; Cu: blue; H:
white; van der Waals spheres: purple (6r9); yellow (1.1nm); green (1.35 nm);
H2O molecules coordinated to open metal sites in the SBU: in pink. ¢ifjer
211 and 22]

In fact, two copper(ll) ions form coordination bonds with -@me carboxylate group
of four bt¢ ligands in its secalled paddlevheel secondary building unit&ig. S2)
Thus, each copper atomasone coordinatively unsaturated site. Figure 11 illustrates an
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SBU in which these open metal sites are occupied by water molecules coordinated in
axial position(Fig. S2) 3D network composed of SBUs is characterized by three pore
sizes of 0.5, 1.and 1.5 nm [211, 212].

Most commonly HKUSTL is prepared under solvothermal conditions using copper
salt andHsbtc in precursor solutionBut several parameters affect the reaction efficiency
and the product quality [213]. For example, lowering the reactiopeeature is not only
energetically beneficial but prevents the formatioh undesirable Cu and @D
by-products [121]. Following the reaction, the formed crystals are usually washed with
pure solvents in several steps to remove unreacted componentgtanolue powder
product is obtained by filtration. The whole pore structure can be released from adsorbed

solvent molecules at elevated temperature{l@0 AC) i n vacuum. The

crystal structure is accompanied by characteristic colourgeh@om turquoiseto dark

blue), which indicates alteration in the coordination sphere of the copper ions, i.e. the
formation of open metal sites [214, 215]. Since activation cause no structural
decomposition, HKUSAL exhibits great chemical stability this point of view.

Thermal stability

Knowledge of thermal stability is crucial to optimize the activation conditions at
elevated temperature in vacuum. The stability zone is that temperature range where the
release of adsorbed guest molecules is prdigticampleted but the decomposition of the
metalorganic framework has not yet started. Thermogravimetry (TG) is the key method
for providing information on the solvent content and the thermal stability of the MOFs.
Since thermal activation of the framewdakes place in vacuum, TG measurements are
often carried out in inert, neoxidizing (e.g. N, Ar or He) atmosphere. Basically, inert
conditions do not affect the release of volatiles, neither prevent or delay any radical
degradation process, only maywl down the weight losses. On the other hahd,

employment of air (or oxygen) upto 89000 AC has an additional

coppercontaining metal complexes [2X0]. The examination of the residual mass
after the fast and complete decompiositof the coppecontaining metal complexes
(e.g.by powder Xray diffraction) provides the opportunity to calculate almost
quantitatively the copper (oxide) content. Thus, the apparent formula weight can be
calculated considering tl®rresponding stoichiometric amounts of ligands. This way the
(molar) amount of incorporated guest molecules or solvents into the material can be
verified independently of the expected formula of the metal complex.

Weight loss oHKUST-1 occurs in three eps. Literature references consistently state
t hat unt il ca. 130 AC physisorbed water
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framework in the first step [121, 176, 215, 2236]. Between 132 50 AC a gent
is observable with about3% mass loswith a very vague explanation, if any, about its
origin. In many cases, this second step is simply neglected [233, 234] or evaluated
together with the first one [121, 22P4, 228232]. Otherwise, it is interpreted by the
removal of chemisorbed water moldes or more strongly bonded solvent
[211,226,235,236]. Although, these interpretations are hardly supported by
experimental proofs [229, 23MHKUST-1 has moderate thermal stability among MOFs,
its structure decomposes ,&®21825n280238]a0d AC
oxidative [176, 226, 227, 229] atmospheres. Thus, for thermal activation there is a
relatively wide stability zone, HKUST can be activated bet we
Regarding TG/DTG analysis of HKUST, the thermaldegradation step between
130250AC needs further investigations. Neyv
temperatures of +and CH storage irfight-duty vehiclesaccording to BE requirements
is-4060AC and ttseparatian ffromQpOstombusibn flue gases is between
50130 AC [228], t he t-higsatisigrg fosthesempplicationg. o f

Water stability

Mechanism of water adsorption in MOFs, and its effect on their structure is
extensively studied by experimental [237, 238% dheoretical (computing) [99, 239]
methods. Widely used experimental techniques to follow the change in crystal structure,
pore network and surface morphology argay diffraction (XRD), low temperature
N2 adsorption, cyclic waterapouradsorption andcanning electron microscopy (SEM).
Although HKUST-1 has significant water adsorption affinity and uptake, its instability in
the presence of water, both irapour and liquid states, is also widely recognized
[223,240-249].

De Costa et al. followed the structural change of carboxylatetal coordination
bond containing MOFs in humid atmosphere. Commercially available HKUST
(Basol it eE-MQOF-78 @@ ViR66, Mgth synthetized by their group, were
investigated. They gpl i ed 25 AC/ 90% relative humid
40AC/ 90% RH aging conditions and examined
28 days They concluded that the relative humidity and ageing temperature jointly
determine the rate of decongition [240]. Schoenecker et al. measured the structural
change of HKUSTL among several MOFs after watapouradsorption at 28 C and 1
bar. Although HKUST1 retained its crystallinity according to the XRD patterns, a
significant (26%) loss in apparesturface area was concluded from &dsorption
desorption isother ms. [241] . K¢sgens et
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HKUST-1 towards HO: they measured ca. 800 ¥m H.O uptake on the HKUST
structure, but they also demonstrated the podematability of this MOF. [242]. Liang
et al. investigated the watgapouradsorption of HKUSTL up to 1 bar at
32AC. They observed an unusual phenomenon
desorption curvéay below the adsorption curve srong evidence that structural change
occurred. They also investigated the Gerformance of HKUSTL after exposure to
30% relative humidity at 25 AC fodmdy, 2 and
work in CQ separation in the presence of watapour under certain conditions, e.g.,
bel ow RH 30% a tJan&bbet a\ @lso[céhidrBel the pddr hydrothermal
stability of HKUST1 a't ambi ent conditions (25 AC, at
equilibrium watewapouradsorption in two cycles.hey also investigated the adsorption
of CO, componenfrom simulated natural gas (6 mbar water partial pressure, ambient
temperature) and from simulated flue gas (7
dynamic norequilibrium conditionsThey found hat, therelative humidity and the water
exposure time must be controlled in order to maintain the integrity of the adsorbent during
applications under humid conditions [243, 250]. On the other hand, the high water affinity
can be favourable, since the farhydration of HKUSTL, i.e., the presence of water
molecules coordinated to the open copper sites, enhances thpi@ke at low pressure
[245-247]. GutE-Noor et al. found that in the presence of low water content, the
HKUST-1 is reasonably stable.h&y were able to follow the structural changes in
HKUST-1 by using*H and *C solid-state nuclear magnetic resonance spectroscopy
(NMR) with magic angle spinning, detecting several different crystalline adsorption sites
for the water molecules. THel spedra indicated a dynamic water adsorption/desorption
process at the free coordination site of copper at room temperature. The network structure
showed stability when a small amount of water was adsorbed. Increasing the adsorbed
water, the HKUSTL network sbwly decayed, yielding various products depending on
the conditions. Their results clearly indicate that the water molecules preferentially
interact with the copper sites. [248, 249].

In spite of these recent studies, however, the mechanism of water adsorption and its
consequences on the HKUSTstructure still remains uncertain. Moreover, it is very
likely that its water stability needs to be improved for industrial applications.
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Mechanical stability

In terms of gas adsorption and storage HKtISShows high structural stability. No
literature data refer to structural destruction during gas adsorption at high pressure. For
instance, Senkovska et al. demonstrated that at ambient teper e  ( 30 AC)
adsorptiofidesorption process up to 200 bar results in a reversible isotherm, which clearly
shows that the framework structure of HKU$Tis stable during the highressure
methane adsorption [251].

Industrial adsorbents primarily gioyed as pellets or monolithés it is several
research groups aimed the densification ofgymthesized MOF powders. Noteworthy
that other strategies also have been applied toifositu MOF [205, 210, 252, 253] also
including HKUST-1 monoliths or moolithic composites such as sp¢l synthesis [43],
powder packing [254], Cu(Okljnonolith conversion [250], extrusion [255], 3D printing
[256], templated MO¥faerogel [257] and membrane [258] preparation or incorporating
HKUST-1 into monolithic polymers [29], silica [260], ceramic [261] or carbon [262]
support. But returning to HKUST pellets, they are prepared by making cylindrical
wafers utilizing mechanical or hydraulic press (Hig) [263].

Pressure

—am
\

K \ Mechanically densified
\ ,z/monolithic MOF

Figure 12. MOF powder pelletisatiorfafter 252]

Densification has additional advantages like enhancement in mechanical strength,
thermal conductivity, chemical stability, packing and volumetric denllityvever the
most commonly observed response of MOFs under high external pressure is
amorphization, \Wich results in the alternation of gravimetric density, surface area and
pore volume [104]. Powder XRD patterns asygparent surface are8sgy) concluded
from low temperature -{96A C) » adsorptiofdesorption isotherms are the most
common techniques t@ffow the structural changes.

Generally, increasing the compacting pressure leads to the decrease in crystallinity
and apparent surface area of HKUST Kim et al . compacted
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HKUST-1 powder by applying mechanical pressure of 25,18 and 340 bar for

10 minutes bypellet press for infrared spectroscofBesides, they prepared HKUST
pellets using polyvinyl alcohol (PVA) as binder toottecase of the binder free pellets
decrease in crystallinity and apparent surface area wasvalide by increasing pressure.
Although, even at 25 bar the loss3grwas 34% (1147 fg) compared to the powered
HKUST-1 (1737m?g). The highest pressure of 340 bar resulted in almost the total
collapse of the pore system (7#g) 94% loss). PVA bider in the HKUSTL pellets lead

to the formation of moderate surface area of 968 nprobably because the PVA
molecules partially occupied the pore system of HKUSEeer of the binder containing

pellet is similar that of the binder free pellets predarader 100 bar (9537%/g) [264].

Their results support the standpoint that, however binders can enhance the mechanical
and thermal stabilityfree pellets are more desirable to preserve the excellent adsorption
properties of MOFs [263]. Baz&achi et alinvestigated the effect of the pelletisation

on ZIF8 and SIM1 (Fig. STi) and commercial HKUST (Basolite C300) under 240,

800 and 4000 bar using a universal testing machine (INSTRON 5549 or MTS). In contrast
to the observation of Kim et al. this HKUSITretained its crystallinity up to 800 bar.
They observed only 26% porosity loss after compression at 24(@&dgaof the pellet

which were formed under 4000 bdecreased by almost 80% (from ca. 18%7gnto
453m?/g) [265], which is still less than the observed 94% loSsdnat 340 bar according

to Kim et al. [264]. Dhainaut et al. used Medel'Pharm STYL'ONE Evolution tableting
instrument for preparing HKUST (and also Ui@66, UiO-67: Fig. S1J UiO-66-NHy:

Fig. Slg) tablets from sefsynthetized MOF powders. In case of HKUS Tthey also
investigated the effect on the morphology of 1 and 2 wt% expanded natural graphite
binder addition into the HKUST powder prior to tabletingincegraphite is widely used
binde to improve thermal stability. They applied 14210 bar, 14200 bar and
14-1120bar for tableting the binder free HKUSI, HKUST-1 with 1wt% and 2 wt%,
respectively. Maximum losses of ca. 25, 23 and 26% was observable at the highest
pressures of 121@,200 and 1120 bar in case of binder free pellets and samples with
1 wt% and 2wt% binder content respectively. On the other hand, almosfdisidbulk
densities were achieved at these pressures associated with moderate damage in textural
properties. HKUSTL pellet was also exposed to watepour After 4 montls they
observed 42% loss in the apparent surface area of HKU®&fer [266]. Presented
research results well illustrate that literature data show contradictory results regarding to
the level of preagre inducted amorphization and the magnitude of applied pressure on
both as synthetized HKUSTL [181, 246, 264, 266] and commercially available
BasoliteC300 powder [265, 267, 268]. Dhainaut et al. suggestethihptessuranduced
amorphization at least partly depsrah the compression protocols and thus the results
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obtained in an uncontrolled or poowtpntrolled densification route should be interpreted
with care [266]. Terracina et al. prepared tablets from commercial BaSahi@
HKUST-1 powder using a pill maker, operating with hydraulic press. In a unique way,
they observed that the apparent surface area increased in the pelletizing process from
1620 to 1935 rfg, supporting the idea that the compression step possibly insréss
adsorption capacity by reducing the space between the individual crystals without
destroying their structure and extra pores are formed between the particles being pressed
together [269].

In gas adsorption and storage, high surface area and dareevare essential, thus,
saving the HKUSTL structure during pelletisation is strongly recommended to preserve
its outstanding adsorption properties.

2.5 HKUST-17 nanostructured carbon composites

As discussed, HKUST is a very promising adsorbent in gagate and separation.
It performs remarkable hydrogen uptake of 2.9 wi%g 6 AC) and car bon
of 5.6 mmol/g (20 AC) at |l ow pressure (1
which volumetric methane adsorption capacity slightly excdesl®0E target (Figl3).
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Figure 13. DoOE targets of gravimetric (grey balance), volumetric (blue cylinder)
and volumetric working (yelloveolumr) CH, adsorption capacities and the
performance of tojperforming MOFs.

Moreover, HKUSTF1 production is already solved on an industrial scale. However,
HKUST-1 suffers from the general disadvantages of MOFs such as water sensitivity and
low mechanical stability [184].

Construction of composites is an attractive solution teravme the drawbacks of
HKUST-1, and what is more, it can additionally improve its gas adsorption properties
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[187, 270273]. Carborbased materials such as porous activated carbons and porous
nanostructured carbons (carbon aerogels, carbon nanotubesergraphd graphene
derivatives) are among the most promising associating materials thanks to their great
chemicaland mechanical stabiligs well as thermal conductivityhe heat release during

the adsorption cycle (filling) challenges the uptake amotutheithermal conductivity of

the adsorbent is poor. In the working cycle, the adsorbent cools down due to endothermic
nature of the desorption, reducing the delivery capaEitythermore, they themselves
have also great potential in the field of gas safi@n and storage [36, 37, 45, 46;%D),

56-59].

2.5.1 Nanostructured carbons

Nanostructured carbomse extensively used as associating materials in MsaFoon
systems.n the related field,ite most widely researched carbdnslude nanoporous
carbon mateals such as activated carbons (ACs) or carbon aerogels (CAs) and low
dimensional nanoscale carbon allotropes like graphene, graphene oxide (GO), reduced
graphene oxide (rGO) and carbon nanotubes (CNTSs). The latter group gaining particular
interest, becaws of their further functional features in addition to the generally
characteristic excellent thermal and physicochemical properties of carbons [274].

Activated carbon precursors can be easily produced from-dagion content
materials by pyrolysis or cambization, while porosity develops during the physical or
chemical activation. Traditionally activated carbons are produced from fossil coal,
petroleumpitch or highquality lignocellulosic precursors. However other various
organic raw materials are suitalfor this purpose, thus conversion of organic waste and
biomass into activated carbons is increasingly researched2[2/5 ACs are highly
porous amorphous materials, their hierarchical pore structure contains pores with various
shapes and sizes both the micro, meso and macro rangéeir pore structure is
extremely diverse, highly dependent on the quality of the starting material, but can be
controlled and influenced through the carbonization and activation conditions [274].

Carbon aerogels generalpossess thredimensional pore network built up from
interconnected primary nanoparticles. The preparation of carbon aerogel includes three
major steps (Figl4). Firstly, a solgel polymerization reaction is applied to prepare
lyo- or hydrogels. Thereafter, a drying step leads to the formation of porous polymer gels.
Finally, carbon aerogels can be obtained by the carbonization of the polymer g% [54,

In 1989, R. W. Pekala reported the first synthesis of an organic aerogas firoduced
by the polycondensation reaction of resorcinol (R) and formaldehyde (F) in agqueous
solution using N2COs; as catalyst, followed by supercritical €&CQ) drying[278].
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Resorcinofformaldehyde (RF) based carbon aerogels can be obtainedhdy
carbonisation of the dried polymer Rjels(Fig. 14).

Polycondensation Drying Pyrolysis
Na,CO; m ~1000 °C
OH Q
=N + 1
H PN H H
~ S0oH
R F Hydrogel Polimer gel Carbon aerogel
CA

Figure 14. Schematic illustration of the synthesigedgorcinol (R)i formaldehyde
(F) based carbon aerogels

The resulting hierarchical pore structure and surface chemistry can be controlled and
modified in many ways. First of all, at hydrogel level, thegall reaction parameters
(pH, reactant ratio, catalyst amount, solvent ratio, etc.) can be widely vasigting in
desirable pore structures. Furthermore, the structure can be doped for instance by adding
heterogen atom containing monomers into the reaction mixtureZ&¥P Secondly,
using supercritical drying or freeze drying this pore network can bemest According
to the drying method aerogels, xerogels and cryogels can be distinguished [282]. Finally,
varying the carbonization temperature, atmosphere and time provides an additional
modification opportunity [283]. Obviously, pesynthetic modificdbns are also
available for surface modification and functionalization [284]-HRBed carbon aerogels
are the most widely studied, but other polymer gels are also suitable as carbon aerogel
precursors.

The construction of the aboweentioned nanoscalerten allotropes (GN, GO, rGO
and CNT) can be demonstrated starting from the-leswn structure of graphite.
Ideally, graphene is a twdimensional graphite single layer with honeycelikb lattice
structure (Figl5). An exceptionally high strength (13BPa tensile strength), thermal
conductivity (30085 0 0 0 WL/ ( mLK)) and high t heor e
(2630m?g) are among its remarkable properties [285]. Carbon nanotubes can be
described as graphene sheets rolled up into cylindrical shapes. [gei¥3ass similar
beneficial properties as graphene with additional features resulting from their special
electronic structure (Fid.5). CNTs are classified according to the number of concentric
graphendike layers into singlavalled (SWCNT) and mulwalled carbon nanotubes
(MWCNT) [286-288].
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graphene carbon nanotubes

Figure 15. Structure of graphene and carbon nanotubes (SWCNT: singlled
carbon nanotube; MWCNT: mulvalled carbon nanotubejafter 288]

Graphene oxide (GO) is a single (or few) layer graphene sheet decwithted/erse
oxygencontaining functional groups (e.g. hydroxyl, carboxyl, epoxy groups) and
holes(Fig. 16).
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Figure 16. Structure of graphene, graphene oxide and reduced graphene oxide.
(carbon: grey, oxygen: red, hydrogen: whifafter 295]

At the beginning it attracted substantial interest mainly as an intermediate for
graphene manufacturing. GO is often produced by the oxidative exfoliation of graphite
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[289]. One of the common routes is the improved Hummers method, in which the
oxidation ocurs in the agueous mixture of KMaCconcentrated Qv and BPO,
[290,291]. Following the reaction, GO has to be purified from the residual reactants and
unreacted graphite, before concentrating the GO suspension in several centrifugation
steps. GO narparticles can be obtained from the resulting stable GO suspension by
drying. Properties of the GO products show strong variance, in terms of the quality and
the quantity of the oxygen groups and of chemical and physical properties. Basically, the
featuresof the GO obtained in wet oxidative exfoliation depend on the graphite source
and the method of exfoliation, including the oxidizing agents and the reaction conditions
[292]. Theoretically, by removing the oxygeontaining functional groups from the

GO structure, graphene could be obtained. In practice, reduction of GO hardly leads to
the complete removal of oxygemwntaining functional groups, the defects in the
honeycomb lattice only partially heal and the lattices also get fragmentedf-ighus,

the properties of the reduced graphene oxide (rGO) also depend on the prehistory of the
reduction [293]. The chemical and structural defects préselteit to a different
extend in these graphene derivatives degrade some of the favourable properties of
grapltene, including electrical and thermal conductivity. By contrast, their functional
groups make GO and rGO advantageous compared to pristine graphene, in terms of
chemical functionalization or tuneable hydrophilic, electrical and optical properties.
Comparedo graphene or carbon nanotubes, their increased hydrophilicity ensures their
application in agueous medium [294]. Interestingly, several attempts are made to produce
carbon aerogels from these nanoscale carbons to createlitiesgsional structures [55]

2.5.2 Composites forcarbon dioxide, methaneand hydrogen adsorption

Numerous attempts have been méatehe formation of HKUSTL composites with
the presented carbon materials, namely activated carbon2@®36carbon aerogels
[262, 298], carbon nanotubes [3807] and graphene derivatives [3882]. Recent
review articles on the subject also confirm tinéerest in such associated systems
[202,323, 324]. HKUSTl@carborbased composites usually form by firstly suspending
the carbonous material in the precursor solution of HKWS3nd then the HKUST
formation takes place in the presence of the carbd®®, [311].1t is noteworthy, that
purely carbonous ACs, CAs, GN, CNTs are hydrophobic, thus their surface is usually
modified to increase their hydrophilic nature and to ensure nucleation sites for HKUST
formation [296, 297, 300, 301].

Zeng et al. addedifferent amount (1, 2, 3%) of coconut derived, surface modified
(acidic treatment), mesoporous activated carbon into the reaction mixture of HKUST
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to produce HKUSTL@AC composites under hydrothermal conditions. To perform the
adsorption study, pure G@or 90 minutes at 50 cffimin was applied. In both cases the
Ser and the CQ@ uptake of the composites exceeded that of HKUST
(664m?g, 1.8mmol/g). HKUST1@AC with optimal 2% AC content had the highest
Sser of 1142m?/g and CQ adsorption capacity of 3.mmol/g among the other samples
[296]. Esfandiari et al. prepared activated carbons from walnut shellmodified their
surface by acidic treatment. They prepared HKUEPAC composites under
solvothermal conditions with 0.3, 0.5 and 1 wt% AC contenteyTfound that the
presence of AC significantly increased (up to 3thrbol/g) the hydrogen uptake in the
composite with optimal 0.5 AC content, compared to HKuUST24 mmol/g) [297].

Liu et al. used three different porous carbons (OMC: ordered mesopordae;ca
AC: activated carbon; NQuitrogencontaining microporous carbon) for the preparation
of HKUST-1@carbon composites. OMC and NC are modified resoréimoialdehyde
carbon aerogels AC was obtained by the activation of QiblGevelop additional
micropaosity. Composites were prepared under solvothermal conditions. Each
composites possessed highly greater apparent surface areas HKREBT-1@OMC),
1368 (HKUSF1@AC) and 1364 Alg (HKUST-1@NC) resulting in higher CQuptake

of 7.95, 8.03 and 8.24 mmolay t 0 Ac, 1 bar -k({@0pndlgamdl t o HK
7.45mmol CQ/g) and so to the pristine OMC (67%/m 3.41mmol CQ/g), AC (1310
m?/g, 5.08 mmol C@g) and NC (485 iig, 3.39mmol CO,/g). This observation clearly
indicates additional pofermation between the HKUST and the carbon structures and
this synergic effect lead to G@dsorption capacity improvement [298].

Cort&-Svarez et al. synthetized HKUST@SWCNT nanocompositegith different
SWCNT content (2, 5, 10 wt%8nd comparetheir carbon adsorption capacity with pure
HKUST-1. Noteworthy, that prior to the reaction SWCNT was functionalized using
concentrated acid solution to improve its hydrophilicity and to create nucleation sites.
The apparent surface area increased with isangaSWCNT content from 14102%g
(pure HKUST1) to 1520 g (2 wt%) and 1714 #g (5 wt%). However at 10 wt%
SWCNT the surface area slightly decreased to 1370.r@arbon dioxide adsorption
capacity (1 bar;77 AC) <correl at ed waréatohthetsamplesaThe ar e n't
highest increase of 10% up to 8.75 mmol/g was observable in case of 5 wt% SWCNT,
while the CQ uptake decreased to 7.73 mmol/g at 10 wt% SWCNT content compared to
the performance (7.92mol/g) of pure HKUSTL [300]. Xiang et al. inestigated the gas
adsorption properties (GOCHs; 25A C, 18 b ar-)@VMWENT Hdnpgdsites
(besides Li doped HKUST1 and Lf doped HKUSTI@MWCNT). Although, the
apparent surface area of the composite slightly decreased to #45®&ath the methane
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(7.5mol/g) and the carbon dioxide (13.5 mmol/g) uptake almost doubled compared to
that of the pristine HKUSTL (1587 nd/g, 4.5 mmol/g, 6.7 mmol/g respectively) [301].

The potential of MOF@GO [202], particularly HKUSI®GO composites, in gas
adsorptiori including that of ClH, CO, and B 1 has been more widely studied, probably
due to the hydrophilic nature of GO [3322]. Huang et al. prepared HKUST@GO
composite powders with 05 wt.% GO content for the separation of fl&H,. Upon the
introduction of 1 wt.% GO, the surface area and the pore volume increased by more than
20% (up to 1677 Aig and 0.70 criitg respectively) with respect to the parent HKUST
(1382 cni/g and 0.57 critg respectively). Furthermore, it exhibited an almost 30§ldni
Chadsorption capacity, up to 8. ld&@somtioo | / g
capacity was nearly unchanged. A deié LangmuifFreundlich (DSLF) model was
applied to fit the experimental isotherm data for,Giid CQ and the ideal adsoeld
solution theory (IAST) to predict the selectivity of the samples towargd SOCH, for
equimolar CQ/CH4 mixtures. The predicted isotherms showed that at 1 bar, thi€80
adsorption selectivity of HKUST@GO increased to 14, almost twice that of HRUS
[308]. Zhao et al. also used HKUSI@GO powder with 10% GO content for
CO; capture. Although the apparent surface area and pore volume decreased slightly due
to the GO content, the obtained £&dsorption capacity was enhanced by 38% with
respect to tht of the parent MOF. The GO, selectivity indicated that the composite is
efficient for CQ separation as well [309]. AMladdaf et al. investigated the
CHs adsorption performance of HKUSIT@graphene derivatives. They used GO, rGO
and carboxyfunctionalzed GO (fGO). All three types of nanocomposite powders
exhibited higher surface areas (~126G/gh and porosity than the pristine MOF
(1137m?/g). Their HKUST1@rGO nanocomposite with 10 wt.% rGO displayed the best
performance, with approximately 30% haghmethane delivery capacity (165 %g) in
the pressure range 56% bar at room temperature compared to pristine HKWST
(108cm®/g) [310].

Consequently, the potential of carbon nanoparticlemdreasing the & CHs and
especially CQ adsorption performance in HKUSI@carbon composites is proven.
Although the influence of the humidity on the gas adsorption properties of
HKUST-1@carbon composites has been recognized by more groups, systematic
knowledge on the subject is still limited [32327]. On the other hand, to the best of my
knowledge, the effect of the described carbon nanoparticles on the mechanical stability
(e.g. during pelletisation process) of the composite materials is hardly studied.
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3 Motivation

Metalorganic frameworks are among the most promising materials in the adsorption
storage of clean energy gases and €€guestration. Moreover, their excellent adsorption
properties can be utilized in the separation of gas mixtures inclb@tiggs or flue gases.
HKUST-1 is an iconic MOF with outstanding methane adsorption capacity. It is among
the MOFs which are produced by now on industrial scale, however, in powder form. Not
only the latter but also thewater sensitivity challenges theipplication, e.g., as fillers
in the tank of lightduty vehicles powered by adsorptively stored gas. In spite of the
outstanding interest in HKUST there are still white spots to uncover.

One of the gals of my PhD work was to clarify the thermal behaviof HKUST-1
which also might be relevant in its water sensitivity. The reportedsii@ies of
HKUST-1 have not revealed all the processes that take place during thermal
decomposition of HKUSTL. Expanding the potential of TG with evolving gas analysis
(with FTIR and MS techniques) allowed a deeper insight into the molecular structure of
the MOF microcrystals.

After observing the relatively fast aging of HKUST a systematic study was
designed to reveal the role of water in the deterioration of thetimder crystalline
texture of this MOF. HKUSTL, obtained in solvothermal route from inorganic copper
nitrate and organic ligand benzebh@,5tricarboxylate and its activated form were
exposed to relative humidity for 21 day. The change of the morphalagyollowed by
various imaging methods, powder XRD, TG/®Tand low temperature nitrogen
adsorption techniques.

Construction of associated systems may be an attractive solution to overcome the
drawbacks of HKUSTL without losing much of its gas adsorptiproperties. Their
binary system with carbon aerogel and graphene oxide were investigated regarding the
problem ofwater sensitivity or pelletation. The thermal conductivity of the carbon
materials may also help to overcome the thermal management of the
adsorption/desorption cycles during the egass fuel application. (Investigation of this
problem was beyond the scope of this thesis.)
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4 Materials and methods

4.1 Materials

4.1.1 Copper-benzenel,3,5tricarboxylate (HKUST -1)

Benzenel,3,5tricarboxylic  acid  (Hbtc), copper(ll) nitrate trihydrate
(Cu(NGs)23 H20), absolute ethanol (GBH,OH; 99.5%) were purchased from Mkr
High purity water of Millipore grade was used for the synthesis. CgMN83H.0O was
stored in desiccator over freshly activated silica to prevent additional water adsorption.
All chemicals were used without further purification.

HKUST-1 (CisHeCuwsO12, M: 604.87 g/mol) was synthesized under solvothermal
conditions after Wan g®ofe88.3 mniol/dm HiBtRethdnoliat 8 (
solution was mixed with the aqueous solution of Cu{NBH,O (125mmol/dn?,
10cn?) in Teflon lined autoclave (40 ¢ Thus, the ratio of the reactants ¢Cand
btc*) was stoichiometric in the precursor mixture. It was homogenized forid@ising
a magnetic stirrer. Thereafter argon gas (T45 from Linde) was bubbled through the
mixture for 5 min to eliminate air fronthe autoclave prior to sealing. The closed
autoclave was heatedto80C ( heating rate: 0.5 AC/ min)
and allowed to cool down to room temperature. The obtained turquoise crystals were
immersed in 2@m?® of ethanol, which wadaily changed to fresh. This washing step was
repeated three times, to remove all of the unreacted components. After washing, the
crystals were filtered through a glass filter and finally dried in air for 24 h at ambient
temperaturdthe pore structure dhe air dried samples were partly occupied by solvent
molecule$. The averag@roductionof a reaction was 320 mgit driedHKUST-1). The
average yield of the reaction was 84% in terms of the solvent free HKUGTystal
structure of each batches was iudually identified and for arelated series of
experiments several batches were mixed, homogenized ashdsiaesingle sample. The
samples were stored for further use in closed sample holder, in a desiccator filled with
freshly activated silica. The fincrystalline material was investigated without further
crushing or grinding and it was outgasse
before certain measurements.

4.1.2 Carbon aerogel (CA)

Resorcinol (GH4(OH),), aqueous formaldehyde solution (HCOBI7%, stabilized
with 10% methanol)sodium carbonate (N&Os), nitric acid (HNQ, 65%) and acetone
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(CH3COCHs) were purchased from Merck. Distilled water was used for the synthesis.
Chemicals were used without further purification.

Carbon aerogel wagprepared by carbonizing the resorcifimimaldehyde (RF)
polymer aerogel formed by drying of RF hydrogel, which was obtained from
resorcinofformaldehyde polycondensation reaction after Pekala [278]. For the
preparation of RF hydrogel gel, 1.5990 g reswt{R), and 0.0308 g N&QO; as catalyst
were dissolved in 48 chalistilled water. After homogenizing with 2¢n® concentrated
37% formaldehyde (F) solution, the pH was adjusted to 6.0 by adding diluted nitric acid
(1 HNOs : 8 HO) dropwise. The solutiowas stirred for 30 min and poured into glass
vials, which were then sealed and kept in a
gelation. Water in the obtained hydrogels were exchanged to acetone before supercritical
carbon dioxide (sCg) drying. Dry RF polymer gels were carbonized in inert nitrogen
atmosphere (flow rate: 25 émmi n) at 900 AC [282]. The pro
crushed in a mortar to obtain fine powder. The surface of the powdered carbon aerogel
was altered from basic to acidic lmxidation with nitric acid (3 h, reflux) to ensure
optimal conditions for HKUSTL crystal formation in the presence of the carbon aerogel
[284]. After thorough washing with deionize
oxidized sample was denoted@8. The samples were stored for further use in closed
sample holder, in a desiccator filled with freshly activated silica.

4.1.3 Graphene oxide (GO)

Natural graphite (Graphite Tin, Tin nad V
precursor for the preparation ofraphene oxide suspension. Sulphuric acid
(H2SOy; 95-97%), potassium permanganate (KMiyChydrogen peroxide (#Dz) and
hydrochloric acid (HCI; 37%) were obtained from Merck and phosphoric acid
(HsPQOy; 85%) from Reanal. Chemicals were used without furtiperification.
High purity water of Millipore grade was used for the synthesis.

Graphene oxide suspension was prepared by
Concentrated bSO, (200 cn?) was added to 5 g graphite and after 5 minutes stirring
HsPQ, (25 cn?) was added and finally powdered KMa@®5 g) beside continuous
stirring. Temperature was kept at 40 N O
temperaturecontrolled water bath. Thereafter 500 crof Millipore water was
continuously added to theispension under igeoling keeping the temperature below
45 AC. To r eact candemratee ¥ €8 ent) Wad radoled to the
suspension. Then mukitep acidic (cc. HCIl) wasbentrifugation cycle
(JouanBR4i Multifunction Centrifuge) was perfared toseparate the obtained materials
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from the reaction medium anmémove unreacted acid residues and other contaminants
remaining in the suspension. Finally, mugtep aqueous wastentrifugation was used to
remove the HCI and the unoxidized graphitenir the system. The obtained
GO suspension was concentrated to 1.1 wt% applying further centrifugation [329]. The
final product was stored protected from light in sealed (brown glass) sample holder.

4.14 HKUST-1@CA and HKUST-1+CA

HKUST-11 CA binary samples odipproximately identical gravimetric composition
(HKUST-1:CA =1:1; in terms of activated HKUST) were obtained by two different
rout es. For t he 0 c h el@®CA)aHKYSTE orystpl dosmatioe  ( H
took place in the presence of CA under the sammeliions as pure HKUST. 100 mg
CA was placed into Teflon lined autoclave @®°) and 10cm?® agueouu(NGs)23 H.0O
stock solution (125 mmol/dfwas added, the system was stirred for 10 min (magnetic
stirrer) and the autoclave was sealed. After 24 hol@scn? Hsbtc stock solution
(83.3mmol/dn¥) was added to the system. Then solvothermal synthesis, sample washing,
filtering and drying proceeded exactly as described for HKISThe average yield of
a single reaction was 280 mg, the weight gain (contpbréhe added CA) corresponds
to the resulting mass of nactivated HKUSTL crystals. For the experiments, several
batches were mixed, homogenized and use as asinglesknaple. t he fiphysi c
(HKUST-1+CA), CA and HKUSTL materials were thoroufgh homogenized in
proportion to the composition of HKUSI@CA. Both HKUST1+CA and
HKUST-1@CA samples werestored under the same conditions as HKuUSand
outgassedat188C i n vacuum (activation) direct.|

415 HKUST-1@GO

HKUST-1@Q0 samples were prepared as pristine HKKSTh the presence of 1,
1.5, 2 and 2.5 g/d#GO. Aqueous GO suspension was used as GO source and solvent
for Cu(NQs)23 H2O. Firstly, GO suspension was diluted to 2, 3, 4 and 5 §/tinen
adequate amount of Cu(NRwere dissolved to obtain 125 mmol/datock solutions for
copper. 10 cthCu(NGs)23 H,O/GO suspension was mixed with 10 Thisbtc solution
(83.3 mmol/dm) and the reaction proceeded in the same way as HKUSlie obtained
materials were separated frdhre reaction medium by centrifugation and washed three
times with ethanol invashcentrifugation cyclesrinally, the materials were dried in air
for 24 h at ambient temperature and homogenized in mortar for further use. The samples
were activatedat 118C i n vacuum directly before ce
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The composites are labelled as HKUBS®@GOcGO, where cGO is the GO
concentration in the reaction mixture. HKUS®GO1 thus refers to HKUST@GO
composite material where the GO concentration in the reactigture was 1 g/dfn

4.2  Characterization methods

4.2.1 Microscopic imaging

Scanning electron microscopy (SEM; JEOL JSM 6380LA) and conventional and high
resolution transmission electron microscdp¥EM and HRTEM; 200 kV Philips CM20
TEM and 300 kV JEOL 3010 HRTEM) were used to characterize the morphology, grain
and grain size distribution of the samples. In the case of SEM, the samples were fixed to
copper sample holders with conductive carbon sidke tapes. Gold coating
(JEOLJFG1200) was applied to increase the conductivity of the samples. For TEM and
HRTEM imaging, the samples were drdped on carboftoated microgrids. To measure
the crystal sizes on the SEM images, the JMicroVision 1.2.gGrano (free download)
[330] was used. The typical crystal size was estimated from the size of about 100 crystals
in the investigated samples. Nantivated samples were used for microscopic
examination.

4.2.2 Powder X-ray diffraction (XRD)

For the identificatiorof HKUST-1 crystal structure powder-y diffraction (XRD)
were used. XRD patterns ®dAewobhaanedXdperth
(PANalytical Bv.) Xr ay di ffractometer using an Xo6cel e
radiation with a Ni filterf o i | (& = 1.5b88kgl)oamd &i nziemol
sample holder. Phase identification was assisted by the Search&Match algorithm of the
HighScore Plus (PANalytical Bv.) software, based on either the international Powder
Diffraction File (PDF4+Release 2015, International Centre of Diffraction Data, ICDD),
or The Cambridge Structural Database (GSMerprise, version 5.37, Cambridge
Crystallographic Data Centre, CCDC [331]) using the bnijpowder pattern generator
algorithm of the Mercury pgram [332]. Noractivated samples were used for XRD
measurements. XRD patterns were normalized they were normalized to the peak with the
highest intensity

4.2.3 X-ray photoelectron spectroscopy (XPS)

Surface compositiof selected samplewas determined by Xay photoelectron
spectroscopy (XPS) performed by a KRATOS XSAM 800 XPS madduépped with
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an atmospheric reaction chamber. A} ¢haracteristic Xay line. 40 eV pass energy
(energy steps 0.1 eV) and FATode were applied for recording the XPS lines of Cu 2p,
Cu LMM, Ols and C 1s. C 1s binding energy at 284.8 eV was used as referazgge
compensation. The surface concentnagi of the elements were calculated from the
integrated intensities of the XHiBes using sensitivity factors given by the manufacturer.

4.2.4 In situ evolved gas analysis assisted thermogravimetric (T6TIR and
TG/DTA -MS) studies

A simultaneous thermogravimegtdifferential thermal analysis (TG/DTA) instrument
(STD 2960 Simultaneous DFAGA, TA Instruments Inc.) was employed for thermal
analysis of each samples. Open Pt crucible sample holders were used. The heating rate
was 10 AC/ min and thdarflgw rate of 130vcsin. i@ pherina d = w
analysis ca. 10 mg nesctivated material was usdde (>99.996%) and compressed air
(O2: 21%, N 78%; others: 1%) were purchased from Linde.

Simultaneous thermogravimetry/differential thermal analysis combividd mass
spectroscopy (TG/DTAMS) and thermogravimetry combined with Fourier transform
infrared spectroscopy (TGTIR) were used to identify the evolving gases during the
thermal decomposition of HKUST. For TG/DTAMS, TG/DTA apparatus was coupled
with ThermoStar GDS 200 (Balzers Instruments) quadrupole mass spectrometer (MS)
equipped with a Chaneltron detector. The evolving gas mixture was fed into the MS
apparatus through a heated 100% methyl deactivated fused silica capillary tubing
maintained at 208\ C . Data collection was carried ¢
in scanning (SCAN) mode in the range of m/z-30D. For TGFTIR, a TGA 2050
Thermogravimetric Analyzer (TA Instruments, USA) was used. The heating rate was
10AC/ mi n, wi t tm fldw rgte o0& 120 cRimin (with @r eitra 10 cAmin air
as a balance purge). Open Pt crucible was used as sample holder. Gaseous species evolve
from the sample were fed into the FT¢fas cell of the BioRad TGA/IR Accessory Unit
equipped with a Peltiezrooled DTGS detector through a heated stainless steel transfer
l'ine kept at 1 8 0 -400C 1/cm¥ Wele Rollestpdeeveryr 38 s, a@fer0 0
accumulating 29 interferograms, by a BioRad Excalibur Series FTS 3000 spectrometer
using Win IR Pro 2.7 FTIR (BRad) data collection and evaluation software. In an
evolving gas analysis ca. 24 mg ractivated HKUSTL was used.

4.2.5 Low temperature N2 adsorption

For the characterization of the pore system, nitrogen adsaigeiorption isotherms
wer e measuRBEdl blrtby & NAA 2000e (Quantachrome) volumetric
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computercontrolled surface analyzer on each sample.(4.6) and He (4.6) were
purchased from Linde.

The apparent surface ar&ser was calculated using the BrunatEmmettTeller
(BET) model [333]. The total pore volum¥. was derived from the amount of
N, adsorbed at relative pressgigpY 1, assuming that the pores
adsorbate. The micropore voluigico was obtained from the DubiniRadushkevich
(DR) plot [334].As no kernel files necessary for DEDensity-Functional Theorypased
calculations are available for associated systems, the pore size distribution (PSD) was
calculated with théarrettJoynerHalenda (BJH) method [335]. Transformaticitloe
primary adsorption data was performed with the Quantachrome ASiQwin software
(version 3.0, Quantachrome). Prior to the measurement, the samples were outgassed in
vacuum at 20, 110 or 180 AC footivateBratehiad ur s. A
was used for a single measurement.

4.3  Adsorption of carbon dioxide, methane and hydrogen

In terms of application, carbon dioxide, hydrogen and methane adsorption on selected
samples was examined. Carbon dioxide and methane adsfiiptiorption isotherms
were measur ed atl bad with Gan AUTOSORA (Quantachrome)
computercontrolled analyser on selected samples. To perform hydrogen sorption
experiments with high puACcCitlpsanAdosobgl€n (99, ¢
(Quantachrome) static volumetriostrument was used. Prior to the gas adsorption
measurement s, the samples were activated i
Approximately 100 mg nceactivated material was used for a single measurement.

He (4.6), H(99.999%) and CK(5.5) were ptchased from Linde and G@4.8) from
Messer.

4.4  Effect of water vapour

Water vapour adsorption/desorption isotherms were measured by a Hydrésorb
(Quantachrome) volumetriccompuieront r ol | ed sur f atbar Be@al yzer
samples were outgassedim c uum at 20 AC, 110 A or 180 AC

Samples with different pre i st or y ( ai ,rfor 4Bh,in d060%arelath@ 0 A C
humidity)) acti vated at 110 AC or 180 AC) were e
85%r elative humidity: Rl at 25 AC for 21 days. Satur at e
and KCI were used to maintain the RHs inside the sealed containers [336]. The samples
were designated by name, drying temperature and relative humidity. HRUSIO 11
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thus refers to HKUSTL s ampl e evacuated at 110 AcC
RH 11%. The cured samples were characterized by the previously described methods.

4.5. Effect of compression

An OL57 hydraulic press was used for p compression. Approximately 100 mg
non-activated sample was placed in a 13 mm diameter sample holder and kept at the
required pressure (25, 5000 or 200 bar) for 10 min. The compressed samples were
designated by sample nanapplied pressure. HKUST 200 thus refers to HKUST
compressed at 200 bar. Pressurized samples were characterized by the previously
described methods.
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5 Results and discussion

51 HKUST-1

5.1.1 Characterization

HKUST-1 was successfully and reproducibly synthesizedeunsolvothermal
conditions with a yield of ca. 84% (anhydrous framework). The macroscopicl{yg.
and microscopic (Figl7b and § appearance of the obtained HKU& by solvothermal
method are shown in Figuded. The colour of the light blue powder is characteristic to
the coordinatively saturated copper(ll) ions. The polyhedral shape of the crystals in the
SEM image is typical to HKUST.

b ‘..i,"?\‘ ” > f'!f -

Figure 17. Appearance of HKUST on (a)macroscopic and microscopic scale:
(b) SEM; (c) HRTEM

The structure of the crystals was identified according to the XRD pattern of the as
received (noractivated) sample. The resulting diffraction profile (Rig) was compared

to several relevant references of various hydrated-éotimated) or anhydrate (activated)
forms of Cubtc, structures. References were derived from both the international CSD
(Cambridge Structural Database) single crystal and BBKPowder Diffraction File)
powder diffraction databases, namely FIQCEN [337], DOTSOV42 [338] and
PDF00-062-1183 [339], PDF 04640936 [340], and PDB0-0651028 [341],
respectively. These reference tpahs are quite similar to each other (not shown),
independentlypnthe water content of the HKUST structure. As an example, Figse
compares the measured XRD diffractogram with RIDI64-0936. The peak positions of
the nonactivated sample well agreeith those of the references, except for the

(111)reflection (2 = 5. 8A), which was not observed
measurements confirmed that the solvothermal synthesis of HKIUSTa t 80 AC wa
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successfulMoreover, lased on this analysis, it wakso found that the crystalline sample
wasfree from any copper oxides as expected.

HKUST-1

Relative intensity [a.u.]

10 20 30 40 50 60 70 80
2 Theta[°]

Figure 18. X-ray diffraction pattern of HKUSTL. [342]

N, adsorptiofdesorption isotherms were measured on HKtSSamples outgassed
in vacuum at 20 AC and at 180 A C (acti
structure of HKUSTL and to reveal the effect of activation. Figur® shows the
characteristic colour @nge from light blue (Figl9a) to dark blue (Figl9) occurring
during the activation process. The appearing dark blue colour indicates the alternation in
the coordination sphere of the copper(ll) ions, namely the formation of open metal sites.

4%
-
-

Figure 19. Macroscopic appearance of (a) nactivated (as received) and (b)
activated (180 -AB42] vacuum) HKUST

55



Results and discussi

The shape of both nitrogen adsorptaesorption isotherms is of Type #zcording
to the recent IUPAC classification [33], typical of fully microporous systemss.(2aa
and b). Removal of the solvent during the activation results not only in a spectacular
change in the colour but also doubles the apparent surfaceSargarficro Vmicro) and
total (Vi) pore volumes (Table 1Based on the latter each HKUSTunit in the activated
sample could theoretically accommodate ca. 17 water molecules (assuming liquid water).
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Figure 20. Low temperature-¢ 9 6 A @dsorpfidridesorption isotherms of

HKUST-1 outgassed in vacuum different temperatuee ( 20 AC @and 180 A
(a) linear and (b)semilogarithmic scale The adsorbed gas volume is given at

OAC and[342] bar .

Table 1.Data deduced from low temperatutel 9 6 A C) nitrogen ads
measurements before and after activation

SgeT* Vmicro Vot
[m?g] [cm%g] [cm¥g]
HKUST-1 evacuated at 590 0.23 0.25
HKUST-1 activated ( 1140 0.43 0.50
* * Sger apparent surface ar€¥icro, Viot and Vimeso= Vot - Vimicro,: Micropore, total and
mesopore volume, respectiveljhe BET model most commonly used in the literature to
estimate the surface area of MOF materials is, strictly speaking, not applicable for
microporous materials. The surface area derived from the BET modbknélferredto as
apparent surface area.

Sample
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Figure. 21. Pore size distribution from the adsorption branch by BJH met{a)d
cumulative and (b) derivative PSDhe vertical lines mark the limit of the BJH

model. [342]

Cumulative and derivative pore size distributions of HKtISd@re shown in Figures
2laand21b respectively. Characteristic pore sizes of HKUS{0.5, 1.1 and 1.35 nm)
are less than 2 nm (Fig&la andb: dash line) which is the lower theoretical limittok
BJH model. However, the difference in the accessible (free) pore volumes is clearly
concluded from both distributions.

The adsorption performance of HKUSLTin respect of hydrogen (11.5 mmol/g
at-196 AC, 1 bar), methane (1.4 mmommblly at
at 0 AcC, 1 bar) were found to be compar:

will be discussed in detail later @hapterd.3.
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The thermal stability of HKUSTL was investigated in air by simultaneous TG/DTA
(coupled with MS, Fig22a), and both in air and in helium by TG (coupled with FTIR
spectroscopic gas cell Fig2b). The thermablegradation of the sample is discussed in

details according to Fige 22a (air).
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Figure 22. Thermal analysis of HKUST. a) TG curve (black solid line), DTG
curve (red solid line) and DTA curve (light blue dotted line) obtained by TG/DTA

instrument

(heating

rate:

the DTG and DTA curves in enlarged view. b) TG curves obtained by TG

instrument
130cm?/min). [342].

(heating

rate:

Mass loss occurs itiree steps in oxidative atmosphere. Undoubtedly, the first step in the

100150 AC range

second TG step with about 3% mass loss in the21600

can

be attri

AcC

3miing; indetGhoms n ) i
10 AC/ min)
b U224 832234]. At h e
range is cl

The enlaged DTG signal confirms that this i$ anore or les$ separate weight loss step,
accompanied with a clear exothermic heat effect (&g. inset). As discusseChapter

2.3) this feature is either overlooked [139, 224, 228234] in the literature or attributed

to the release of chemisorbed water [225, 226, 235, 238]. As the thermal activation of

HKUST-1 is often performed at 188 C
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largest TG step is related to the thermal decomposition and combustion of the organic
ligand. The anomalous shape of the thermal responses;uwhich is generally not
addressed in the literature, is due to overheating of the sér@plieful observation of

the region above ca 350 AC reveals a sl
constant after 526 C. Thi s p hen o rigaoned [176, 286, 227, 826]. Thef t e |
weight increase could be explained by a slow oxygen uptake in oxidation processes.
Fig. 22b compares the TG signals recorded in air and helium atmospheres. The curves are
closely similar up tiflerences appeaBaboveli® tempetature,s i ¢
where the structure collapses. While the simultaneous decarboxylation and combustion
of the organic ligands of HKUST i s very rapid in air at
degradation in helium is less sharp and tesaplete, in agreement with the observations

of other groups [176, 227,229]1n hel i um t he wei d®Mtsmdlless s b
than in oxidative medium (Table 2.), where the degradation products can burn out
completely. In helium this step is follodeby a long monotonically decreasing tail
(12.8% mass lossip to the end of the experiment at 80CThe total mass loss of 48.3%

in these two stages ¢dose to theobserved third mass loss in air.

Table 2.Comparison of TG characteristics of low temperature decomposition stages of
HKUST-1 in air and in helium.

Gas Stage 1 Stage 2 Stage 3 Stage 4

flow Method T &m T &m T a&m T &em
[AC[%] [AC [%] [AC [%] [ AC [%]

Air TG-MS 25158 -20.2 158249 -2.9 249318 -48.9 318800 +0.9

TG-FTIR 25154 -22.0 154247 -2.7 247305 -47.8 305800 +1.8
He TG-FTIR 25146 -21.0 146255 -3.1 255384 -35.5 384800 -12.8

To understand the reason of the slight mass increase after the thermal decomposition
inar,samples were heated to 325 and 800 /
investigated by XRD. The phase analysis
corresponds to the oxidation reaction ohOy1):

CwO(s) 2+g)iY0O 2CuO(s) (1)
While the solid residue obtainedOad 32°¢
36 wt% CuO (Fig.S5; calculated by XRD reference intensity rati®IR 7 method), only

2 The large exothermic heat evolving in the decomposition process suddenly overheats the
sample and its surroundings (beyond the expe
curves are recorded as a function of sample temperature, which suddenly increases greatly, it takes
some time until the programmed temperature reaches the actmgle temperature (which
meanwhile probably cools down). Then finally the sample temperature can again return to its
upwards path.
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CuO was detected in the 880C s a mp 85¢ ThétFsj ig contradiction to Refs.
176and 227, in an oxidizing medium the CuO formation is completed only at higher
temperature and not simultaneously with the oxidation/burning of the organic ligand.
(Obviously, in the lack of oxygen, the residual masatained both CuO and &
Fig. S6). Nevertheless, thdifferent results may be due $tightly diversemeasurement
conditonsBased on the mass of the CuO residue
stochiometric composition 1eHsCuz012 of the MOF, the mhydrous HKUST1 content
of the hydrated sample was found to be 73.65P& difference between the solvdrae
weight of HKUST1 determined from the TG curve and calculated from the CuO content
may be due to the slightly higher organic ligand ratio it cggstals (bté : Cu?* = 2.28)
compared to the theoretical composition (2.17). This is consistent with the previous
finding that the crystal growth ends with the formation of metity| ester, instead of the
incorporation of additional copper ions on #dges and surface of the crystals. Thus, it
can result in higher organic ligand ratio.

Since only limited and contradicting information is available about the composition
of the gaseous products evolving during the thermal decomposition of HRUST
[229,230] and the mass loss in the second step is often neglected in the litémaiive,
evolving gas analysis was performed both in oxidative and inert conditions by FTIR and
MS. Thus, it was possible to check the identity and the origin of the gasemissspe
evolved in the various decomposition stages. By evaluating tHETTR spectra obtained
both in air flow (Fig.23g9 and in helium (Fig249 it was confirmed, that the volatile
components released fromthe e t i vat ed sample in the fir
consist only water. In spite of performing the solvothermal synthesis in etivater
mixture and the obtained crystals were washegthanol, water alone is retained within
the poresof the air dried sampland r el eased by 155 AC. Thi
supported by the T®IS data obtained under air flow (Fi§7). Preliminary thermal
analysis on nofactivated HKUSTL samples syhesized in various solvents and solvent
mixtures by our research group showed that the position of this first peak was independent
of the solvent [213, 239]. This observation and the evolving gas analysis imply that if
water is present in any step of thenthesis (as a reaction medium or washing agent), it
almost exclusively fills the pores. The relatively higlapoation temperature is related
to the confinement effect of the micropores as well as to possible chemisorption on the
open metal sites. Thenr dynamics of this step can be associated with the-thoekal
pore size distribution of the material (5, 11 and %3)$211, 212]. Further evaluation of
the in situ spectral series shows that in the frequently overlooked21600 AC r ange
small but ckarly detectable amount of organic vapour is released in air2Bty.
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Figure 23. Evolution of the gases and vapours emitted under air flow
(130cm¥/min), observed by TGTIR analysis. Release of (a)®|, (b) aliphatic
fragments (determined throughe gCH vibrational mods) and (c) CQ are
tracked by integration of their characteristic absorption bands in the FTIR spectra
collected during a temperature ramp
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Figure 24. Evolution of the gases and vapours emitted under helium flow
(130cm¥min), observed by TETIR analysis. Release of a)®, b) ethanol and

c) CO, d) aromatic components and e) benzoic acid are tracked by integration of
their characteristic aborption bands in the FTIR spectra collected during a
temperature r 342 of 10 AC/ min.

In the absence of oxygen the aliphatic compound was successfully identified as
ethanol (Fig24b) in the spectr umSs) laaked pn aaférenc201 AC
IR spectrum 343. It is suggested that morathyl esters may form originally in the
synthesis step between the ethanol and some of the carboxylic groups ofbtbe H
molecules and ethanol release originate from the decomposition of theseresfer g
When the moneethyl estergroupsare incorporated into the crystal in surface or edge
positions, they probably serve as barriers that prevent further growth of the HKUST
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crystal in the mother liquor. This may explain the particle size limitatfddkdJST-1

crystal growth reported in the literature [123]. Furthermore, this observation also shows
that the water retained in the pores is completely released b4 €55 Thi s wat er
9.4 mol/HKUST1 unit, similar to observations of other groups(B4art of this water

fills the pores and 3 mol/unit is related to the free Cu stexoncluded earlier the pore
volume Vi« measured after activation would allow the accommodation of ca.

17 mol water/HKUST1 unit. This ambiguity may suggest that theusture of the
retained water is different from that of the bulk liquid state. In the third weight loss stage
the results of both auxiliary methods confirm the degradation of organic ligands
(Figs. 23¢ 24ce andS7a).

As a brief summary of the chaptdfKUST-1 was successfullgynthesizedby
solvothermal method with a yield of 84%. Removal of the retained solvent resulted in the
activated HKUST1 with highly microporous structure. The apparent surface area and the
total pore volume were 1148%/g and 0.5&m*/g respectively. As expected, 86% of the
pore volume detectable with low temp Bdsorption is in the micropore range. The
polyhedral crystals were identified by powder XRD measurement. Thermoanalytical
studies were performed both in inert (He) anddakive (air) media. In helium four, in
oxidative medium three stages were distinguished. Based on the above discussed results
only water is accommodated in the pores of theeasived HKUST1 which is
completely released by Il95fGhe potes anCtheramaunti s o
of the water allows to conclude thabst of the water moleculesebulk like (similarly
to in liquid phase)The free carboxyl groups of the btc units form etbstiers with the
co-solvent, which is released at 2306 0  Aniplete @xidation of the copper content
into CuO in an independent step of ligand degradation at53200 A C, al |l ows
determination of the theoretical anhydrous HKUETontent.
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5.2  Effect of storage conditions (relative humidity) of HKUST-1

A batch of as received airied HKUST-1 sample was stored in a sealed vessel and
its characteristic properties were followed 8dr monthdy XRD, TG and Madsorption
measurements (Fig@5a b and c respectively). After one year theadsorption capacity
significantly decreased by 50% (F2Hg. The characteristic XRD pattern of HKUST
was still recognizable in spite of the baseline elevation, peak widening and intensity ratio
changes (Fig25b). In the TG curves, there was no significant change, apart the
decreased water r el e a2sd Lianget dl bbserveds@medos§s r egi C
in porosity after three months storage of famtivated HKUST1 [223].
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Figure 25. Aging of HKUSTL. Following the structural change of HKUSITover
31 monthsby (a) low temperature-1 9 6 A &lyorpthon, (b) Xay diffraction and
(c) thermal analysis (air flow: 130 cth mi n ; heating rat e: 10 A
N, adsorption measurement the samplewasactat ed i n vacuum for 24
The samples were used without any treatment for XRD and TG measurétnenters
mark the age of the sample in marj44]
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This observation made it clear, that under such conditions HKUSduld not be
stored for a long time without a partial collapse of the pore structheehalflife of the
air dried sample (stored in sealed container) was found 33 month from nitroggptiads
properties.It is noteworthy that, according to TG/DTG curves no ester hydrolysis
occurred during the observation periddie signal inthe 158 50 AC paralglige i s
No systematic study was found in the literature about the water stabititgldET-1,
therefore we decided to tackle this problem. Water vapour adsompéismeasured on
HKUST-1 samples evacAGtaddal8Q0ABC, FadObett
26 shows the adsorbed nitrogen (F&§g and water (Fig26b) volumes relatedo the
mass of the anhydrous HKUST. The evacuation of the sa
partial removal of the solvent filling the pores according to the approximately 25% mass
loss during the outgassing procedure. Tétainedmolecules occupy ca $0 of the total
pore volume of HKUSTL according to the Nsotherms. Both nitrogen and water vapour
adsorption isotherms confirm that activation at both elevated temperatures leads to the
complete evacuation of the pores.
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Figure 26. The (a) nitrogen and (b) water vapour adsorption/desorption isotherms
measuredatl 96 AC and 20 AC respectively, on
(l'ight blue), 110 AC (Falaudpeasymbolemarkand 1
the adsorption and desorpti branches, respectivelfhe mass unit refers to
anhydrous HKUSL. [344]
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The initial concave shape of the water vapour isotherms indicates that the water uptake
starts on hydrophilic sites. Firstly, water molecules also occupy the open copper sites and
hydrophilic pores and at the end the more hydrophobic pores. The shags@icrevater
uptake at higher relative pressures may be due to the condensation of water molecules in
the interparticular volume [242, 244]. The maximum water uptake is substantially higher
than that of the nitrogen, in accordance with literature data 213242, 247RIl samples
display appreciable hysteresis, with the desorption curves failing to return to zero. For the
room temperature treated sample, both the uptake and the hysteresis are more moderate.
This behaviour confirms that once the saniplevacuated the water moleculesadsorb
to different sites. After evacuation at 20C t h
(dry HKUST-1), whil e after evac
leaves maximum ca. 2.6 mol retained water in gistem after the low temperature
evacuation. This suggeshat the water molecules removable only at higher temperatures
belong to the HKUSTL crystal structure, directly coordinated to the three Cu atoms in
the HKUST-1. Repeated water vapour adsorptiasorption cycles on the HKUSIT
sample evacua27edraveddD WAKa( Fe géihrepedted
leads to the disintegration of the pore network.
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XRD, thermal analysis and low temperature nitrogen adsorptionitpets were used
to follow the textural changes of the samples of varioushmtery (evacuation
temperature, relative humidity (RH)) according to Fig2ge

110°C _

180 °C — Low temperature
N, adsorption

[
RH 11%

()
.| RH 85%

180°C

Figure 28. Pre-history and measurement methods of the cured HKUSImples

under humid conditns.Ai r dri ed (20 AC) and activat
were exposed to 11% and 85% relative humidity (RH) for 21 days. XRD and TG
measurements were carried out directly after the treatment. Prior to the low
temperature{L 9 6  Aa@sorptin the cured samples were activated at 28C .

XRD and TG measurements were performed on the cured samples without any further
treatment. The characteristic XRD pattern of HKUSTE clearly retained in all samples
which were dried in air at 20 AC before
condtions during the threeveek storage (Figg9aand b 20_11 and 20_8g&espectively.
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Figure 29. Comparison oKRD patterns of the as received samples and that of the
cured samples under (a) 11% and (b) 85% relative humidity. The peaks were
normalized to the maximum intensity peak, and shifted for better visilBds. [
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No changes were observed in the corresponding XRD diffractograms in terms of the peak
positions and intensity ratiog\lthough he characteristic peaks of HKU&Tare still
recognisable in the diffractograms of HKUST110 11 and HKUST_180_ 11, their
broadening and the occasional changes in the intensity ratios are obvious signs of certain
structural changes (Fi®29g. Evacuated samples exposed to high relative humidity
dispay completely different XRD patterns (Fi29k 110_85 and 180_85). As a result of
XRD phase analysis (reference patterns in the PDF4+ (Release 2020) database) beside
HKUST-1 a degradation product, namely hydrogen triaqua berk@qetricarboxylate
copper(ll) [PDF_06064-1336: Cu(OOC)CsHsCOOH)- 3H:0], was identified as minor
componentsThis product implies that the-aasorbing water molecules attack the copper
T carboxylate coordination bond§he main product(s) of the decomposition reaction
could not be identified. Other research groups also studied the effect of water under
various conditions. Liang et al. [223] and-2dnabi et al. [244] received comparable
changes in the XRD patterns of HKUST after measuring the water vapour
adsorption/desorpton i sot herms up to RH 97% at 25
respectively. K¢sheaosyetalas .i kelpit gqHKdUSwWat er
which resulted in analogous structural alternation according to XRD [242]. DeCoste et
al. investigated the cdnined effect of relative humidity and storage temperature [240].
They exposed activated commerci al Basolite
obtained similar result. Although they recognised the alteration in the diffractagrams
none of them coulddientify any components of the transformed structure.

Nitrogen adsorption was used to investigate the effect of water vapour on the pore
structure of HKUSTL (Fig. 30). All the samples with different prehistory were evacuated
i n vacuum at 1 8 aMsorpiidh mbasuremene The tslkeape of the
adsorption/desorption isotherms were found to depend both on the temperature of
pretreatment and on the relative humidity. The data derived from the nitrogen adsorption
isotherms are listed in Table 3. No changehia isotherm shape (type Ib according to
|l UPAC [33]) was observed in the samMfples eve:
and 85% (Fig30a 20_11 and Fig30kx 20_85). This implies that the microporous nature
of the as received HKUST wasretained, independently of the applied relative humidity.
However, RH 85% lead to &% decrease in the porosity, while the lower humidity level
(RH: 11%) caused only minor reduction in the adsorption capacity (BaldeCoste et.
al. observed a 50% dease in the surface area after keeping HKUSinder RH 40%
at 40 AC for 28 days [240]. Moreover, the
unchanged as the relatelKUST-1_20_85in this work (Fig.30b). The heated samples
(regardless of the pirteeatre n t temperatur éACof hi®@ eACerpod
RH 11% lose more than two thirds of their micropores, but develop mesopores, as attested
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by the conspicuous hysteresis (FBPa 110 11 and 110_85). The mesopore size
distributions of these sampleBig. 300 show a maximum at 25 nm. The adsorptive
capacity of samples evacuated at elevated temperature prior to being exposed to RH 85%
collapses completely as concluded consistently from XRD and nitrogen
adsorption/desorption measurements.
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Figure 30. Comparison ofow temperature-L 9 6  Aadgorptn isotherms of

the activated HKUSL and that of the cured samples under (a) 11% and (b) 85%
relative humidity (c) derivative pore size distribution from the adsorption branch

by BJH methodPrior to the N adsorption measurements all the sarspheere
activated at 180.[3M4 for 24 h in vacuum
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Table 3. Apparent surface area £5), micropore (Vhicro), total (Mo) and
mesopore volume f¥s9 before and after exposure to relative humidity*

SgET Vmicro Viot Vmeso
Sample [m?/g] [em¥g]

HKUST-1 1500 0.56 0.61 0.05
HKUST-1 20 11 1410 0.53 0.59 0.06
HKUST-1_20_85 880 0.34 0.39 0.05
HKUST-1_110 1: 450 0.18 0.44 0.26
HKUST-1_110 8! 25 0.01 0.04 0.03
HKUST-1_180_1: 425 0.16 0.43 0.27
HKUST-1 180 8! 20 0.01 0.05 0.04

The thermogravimetric responses of the HKU$Tsampleswith the various
pre-history are shown in Fige 3laand b.As it was discussed (Chapter 5.1.1), the
thermal degradation of the as received HKUE®ccued in three steps, namely water
release (3A50A C )decomposition of monethyl ester groups (15850 AC) and
combustion of the organic ligands (2302 0 AC) . The ther mal degr ac
linkers in the treated samples occurs at the same temperature, however,
HKUST-1_110 85 and HKUST_180_85 showa slightly higher thermal stability,
certainly because their structure was completely transformed into other crystal phases
(Fig.29).Fi gure 31c and d shows the DTG curves u
alteration in the first two mass loss stepfsthe cured samples. The DTG curves
corresponding to the pfeeated and RHetreated samples indicate theattcation of
water molecules in the HKUST af t er the partial (evacuat.
(evacuation at the higher temperatures) remof/tide initial water molecules prior to the
water vapour treatment. Based on the results so far, not surprisingly, TG and DTG curves
of HKUST-1_20_11 and the parent HKUSITare very similar (Fig. 31a: 20_11). The
alternation of the relative humidity resedtin the decrease of the water content. However,
when the as received HKUSTT is exposed to higher relative humidity the spectacular
flattening in the 15@ 5 0 AC range indicates t he abs
(Fig. 31b:20_85). It is assumed that the héglchemical potential of the water vapour
results in the hydrolysis of the ester bonds. The new peak that develops in the DTG curve
of HKUST-1 20 _85 at 150 AC i s aactvateg lKUSTL t he de
crystals exposed to the higher RH. Porogitysl of HKUSTF1_20_85 also confirms the
changes, although the corresponding XRD pattern shows no sign of the change.
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Figure 31. Comparison ofa, b) TG curvesand (c, d) DTG curvesp to 250A C
(air flow: 130cn¥/g; heating rate10A C/ mi n Jactiwated HKQSTL and that
of the cured samples under, @ 11% and (hd) 85% relative humidity.344]

The lack of the second DTG peak in case of the thermally activated samples treated
in 11% relative humidity (Fig. 31c: 110_11 and 180Q) indicates, that heating at high
temperature in vacuum followed by theagsorption of water molecules on the activated
HKUST-1 also leads to the decomposition of the ester groups. Moreover, the water may
also react with the HKUST, partially degradig its framework. The most spectacular
change occurred when the samples activat
RH (Fig. 31d: 110_85 and 180_83n their DTG curves, five peaks can be identified,
although the second and the third ooesrlap. It is reasonable to suppose that under
these conditions there is enough water to hydrolyse not only the ester bonds but also the
Cui carboxylic coordinations, leading to the complete disintegration of the HKUST
structure. Thus, more than ondesbf the copper ions will be free to form strong
coordination bonds with water mol 8&ul es.
The thermal degradation of the already mentioned sample of DeCoste et al.
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(BasoliteC300, treated iRH9 0 % at 28&dayjd@cuiired in sirfBilar steps [240].
They suggest that the weight loss events result of the formation of new binding sites for
water molecules during the aging or of degradation products of HKUST
Consequently, the history before exposure to humatity the RH together influence
the degradation of HKUST. XRD, N; adsorption and TG results consistently show that
the initial water content of the as received HKUS&nsures a certain level of protection.
Even at 85% relative humidity, more than halfle# microporosity remained after 21 day
if the pores were not initially emptied. The complete elimination of the water molecules
at elevated temperature makes the structure more vulnerable. Even after such treatment
at RH 11% the crystalline structure ahds the pore network are partially preserved.

5.3 Compression of HKUST-1 powder

HKUST-1 was prepared in powder form, which is not desirable frpnacticalpoint
of view. Thusthe as received (air dried) HKUSITpowder was pelletized under 25, 50,

100 and200 bar, using an OL57 hydraulic press. The compacted samples are referred as
HKUST-1_applied pressure in the text, e.g. HKUST25 means HKUST pressurized

at 25 bar. Interestingly, at pressuad®vel00 bar the surface of the discs were wet when
the hydraulic press was opened. After a few seconds, the moisture \sasked by the
sample.

Compact pellets were already formed at 25 bar @2@. inset). The external and
fracture surface of the 25 bar and 200 bar pellets are compared in E2glirés well
observable, that the free volume between the individual crystals diminishes. The external
surface of HKUST1_200 is more homogenous. The fracture surface of the same sample
indicates that the high external mechanical force resirtéae fusion of te individual
crystals.

The pressure induced changes of the crystalline structure were followed by XRD
(Figure 33.). Characteristic XRD pattern of HKUSTwas clearly recognisable il
diffractograms, although, peak widening and the increased base line may indicate a partial
amorphization of the framework. The position of the peaks shifts to slightly larger angles
implying a decreased interplanar distance and shortened bond lengths. The pellets
prepared in a similar technique by Kim et al. showed structural changes alreadyaat 25
In contrast, wherHKUST-1 was compressed in a diamond anvil cell (DAC) up to
4000bar no alteration in the XRD pattern was observed [360]. This strongly supports the
finding of Dhainaut et al.that the pressurimduced amorphization depends sigrafitly
not only on the magnitude of the applied pressure but also on the used instrument for
compacting [266].
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a3 4B SEI

Figure 32. Comparison SEM images of the external surface of the formed
HKUST-1 pellet under (a) 25 bar and (b) 200 bar and the fracture surface of the
pellets compacted at (c) 25 bar and (d) 200 bar. Macroscopic appearance of
HKUST-1 pellet formed under 25 bar shodvi (a) inset[348§.
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Figure 33. XRD patterns of HKUST pellets, compacted under 25 bar (green),
50 bar (red), 100 bar (yellow) and 200 bar (purple). For comparison, XRD pattern
of powered HKUSTL (blue) is also shown. The peaks were normalized to the
maximum intensity peak, and shiffed better visibility [348].
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Nitrogen adsorption/desorption isotherms confirmed that the alternations in the XRD
patternswererelated to thechanges in th@ore structure (Fig. 34). Already the lowest
pressure applie(@5 bar) causesignificant loss in the porosity: the apparent surface area,
the total and micropore volumes decrease more than 40% (Table 4). Increasing the
pressure systematically diminishes theallsorption. The porosity damage is comparable
to the results reported gim et al. B4€. The appearing hysteresis loop of type H4
indicates the formation of slitke mesopores. The reason of the mesopore evolution may
be the partial degradation of the isoreticular structure, which also reduces the crystallinity,
as revealedy XRD. Based on reference works and our observations the formation of
mesopores has to be a complex phenomenon [52, 181, 267H8dEver it is a general
observation that an increase in external pressure increases the degree of amorphization of
the HKUST-1 structure [348, 349].
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Figure 34. N, adsorption/desorption isotherms of HKU&Tpellets, compacted
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200 bar (purple star). For comparison, isotherm of powered HKWSBue
square) is also showh34§.
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Table 4.Data deduced from low temperaturel (@ 6 A C) nitrogen
measurements on HKUSTpowder and pellets

SgeT Vmicro Viot
[m%g] [cm¥g] [cm¥g]
HKUST-1 1560 0.58 0.66
HKUST-1_25 855 0.33 0.40
HKUST-1_50 755 0.29 0.35
HKUST-1_100 710 0.27 0.31
HKUST-1 200 560 0.22 0.28

Sample

In summary, mechanically stable HKUSTpellets were successfully prepared under
25-200 bar external pressures, however, there is a high price to pay, naimeleasing
loss in the crystallinity and the porosity of the MCE2§.

5.4  Associated systems with nanostructured carbon materials

To reveal the potential of carbon aerogel (CA) and graphene oxide (GO) in the
improvement of the mechanical stability and watesistance of HKUSTL, binary
associated systems were prepared and investigated. In case of HKUSA materials,
physical mixture of HKUST1 and CA (HKUST1+CA) was compared to systems of
similar composition (HKUSTL@CA), where the crystal growth ocoed in the presence
of CA by adding it to the precursor solution of HKU&TThe effect of graphene oxide
was studied only in the latter case: for the HKUB®GO samples HKUST crystals
were formed in the presence of GO.

5.4.1 Characterization of the composits

5.4.1.1. HKUST1 - carbon aerogel systems

For the preparati on -1®@CA dorhpesitefl HKUSTInwvas a | 0
grown in the presence pbwderedCA. The HKUST1 : CA ratio became 1: HKUST-1
and CA were mixed in the same ratio to obtain the HKUS$TA physical mixture.

SEM micrographs of the pristine porous carbon aerogel and HKL@TA are
shown in Figure85aand b respectively. On the SEM image of HKUS@CA crystals
with characteristic polyhedral shape of HKU&T(Fig. 35b: in blue circle)are clearly
distinguishable from the CA particles with various shapes and sizes3@aignd b in
pink circle).
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18ku

Figure 35. SEM images of (a) CA and (b) HKUS®CA in which a HKUST
crystal highlighted in blue circle, and a CA particle in a pink cir§#48

The diffraction profile of the HKUSTL@CA composite confirms the presence of the
HKUST-1 crystals (Fig36). In the composite samples the peak positions do not change,
only a slight peak broadening being observed, probably due to the presence of the
amorphous CA. HKUSTL formation in the presencd# carbon aerogel was successful.
The chemical nature of the copper in the HKUB®CA composite samples was studied
by XPS (Fig.S9). The shakaup satellite in the Cu2p region is a clear sign of*CNo
chemical interaction between the Cu atoms and the@face was identified.
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Figure 36. XRD diffractograms of HKUST (dark cyan), HKUSTL@CA (pink),
HKUST-1+CA (burgundy) and CA (black) The peaks were normalized to the
maximum intensity peak, and vertically shifted for better visibj&s§

The porous structure of the composite and thgsggal mixture are very similar
(Fig. 37). The isotherm of CA, of Type IV according to IUPAC classificati®j,[reveals
the presence of micraand relatively wide mesopores and these features are clearly
recognizable in the isotherms of the composite@as. The pore size distribution of the
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HKUST-1@CA and HKUST1+CA, as will be shown later in Rige 55c and d
respectively, shows mesopores with a typical diameter of 30 nm in both systems.

1800)HKUST-1 18001 ca
1600 1600/
o z
& 1400 o 1400
¥, 12004 ) 1200
(92) (92]
5 1000 E 1000{
N N
N 800 SN 800, f
E 600 E 600] }z,/
§ A00 pemimsaocom somamaasenn @ 400, MM
< 200 < 200l
o+ O
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 06 0.8 1C

/g [-] P/ [-]

a b
1800{HKUST-1@CA 1800 HKUST-1+CA !
1600/ 1600 j

D | D
o 1400 T a 1400
= /
22 1200 (J ogQ 1200 |
\
§ 1000, ‘1‘\ & 1000
=N 800 || 2" 8o /
S I o
2 600 /L 2 600] 4
5 AAAA B w"“&
% 400 i Aﬁﬁﬁ“ % 400‘/«3&“ MMM
< 200p < 200
o+———————— o
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
p/pg [-] p/pg [-]
c d
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adsorption/desorption isotherms of (a) HKU$,T(b) CA, (c) HKUSTL@CA and
HKUST-1+CA.[34§

77



Results and discussi

Table 5 lists the numerical characteristics deduced from the isotherms. A set of
theoretical dataXneo) Was also created for the HKUSI@CA and HKUST1+CA
assuming that the adsorption capacity of the components is additive. Apparent surface
area was used as a benchmark to characterize the systems. While the calculated data of
HKUST-1+CA are very clos¢o the measured values, HKUST@CA shows a more
complex feature. The isotherm of HKUST@CA (Fig. 37¢)is similar to CA (Fig.37b)
in the lowp/po range, but the slope in the mesoporous range is less steep than that of the
host aerogel alone. The contritmn of HKUST-1 to the BET area is much lower than the
theoretical value. These observations imply that HKUSFystals may also grow in the
mesopores of the CA. Similar experience have been reported by othergithuerious
porous carbon associatechterials [262, 298]The high tunability of the porosity and
surface chemistry akesorcinolformaldehydebased carbon aerogels can also be utilized
in their HKUST-1 composites.

Table 5.Data deduced from low temperaturel @ 6 A C) nitrogen ads
measurements on carbon aerogdiKUST-1 systems

Measured Theoretical*
SBET Vmicro Vtot SBET Vmicro Vtot
[m?%g] [cm3g] [cm3¥g] [m?g] [cm3g] [cm3(g]
HKUST-1 1560 0.58 0.66 - - -
CA 875 0.35 2.2 - - -
HKUST-1@CA 925 0.35 2.3 1240 0.47 1.4

HKUST-1+CA 1235 0.47 2.8 1210 0.46 1.4
*Theoretical values were calculated from the corresponding measured data as

() . X is the characteristics in questiamykusT-1
andmca are the mass of theolvent free HKUSTL and dry CA, respectively.

Sample

The difference between the composite and the physical mixture is even more obvious
in their thermal behaviour (Fig8). Already a simple inspection of the corresponding
curves (Fig.38c and d) shows that thtdOF confined within the pores has a substantial
impact on the thermal behaviour of the CA. CA exhibits three characteristic regions
corresponding to i) the loss of adsorbed water, ii) decomposition of surface groups and

iii) combustion. The behaviour oférinary samples upto 2208 0 AC is simil ar
that temperature the difference becomes substantial. In HKL@TA the oxidative
decomposition of the two components interve

below the temperature of the combustiiap of pristine CA. As at least a part of the
HKUST-1 develops within the pores of CA, the evolving gases cannot easily leave the
pores and their residence time is long enough to react with the CA. Two distinct steps are
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observable in the HKUST+CA coresponding to the practically independent thermal

degradation of the organic ligands of HKUST-2 3 . 7 %
oxidative decomposition of CAZ 9 . 1 %)

above

410

| oss)

around
AC. As

mass increase following the sharpetmal decomposition originates from the
transformation of Ci#D to CuO. It can also be used to to estimate the HkWU$®ntent
of the binary samples. Thus, the HKU&Tcontent estimated from the mass of the

corresponding

the preparation condition®89%).
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5.4.1.2. HKUST1 - graphene oxide systems

GO was used in suspension form and its concentration in the reaction mixture varied
between 1 and 2.5 g/dmto prepare HKUSTL@GO with optimal properties.
Five samples of different GO content were synthesized biesyatically increasing the
GO concentration (1, 1.5, 2, 2.5 gf§min the precursor mixture (Tablé). The
composites are labelled as HKUS® GO cso, Where ¢ois the GO concentration in the
synthesis mixtureGO was used in suspended form as obtainerh filoe improved
Hu mme r s 6 29 eunlikeattt syhthesis routes reported by other gro898-310,
314, 317, 327350-35]]. In this way the drying and fsuspension of the GO can be
circumvented. The presence of GO hardly influences the yield of MOF except when
50mg of GO is added. Here the yield drops by almost 25% (Table 6.).

Table 6.Composition of HKUSL@GOsamples

Sample Meo*  Mdry* of HIISISdT-l* GO in composite
[mg] [%] [wt%]
HKUST-1 0 213 84 0
HKUST-1@GO1 20 215 77 9
HKUST-1@GO1.5 30 227 78 13
HKUST-1@GG02 40 249 82 16
HKUST-1@GG2.5 50 212 64 24

*meois the mass of the GO added to the reaction mixtasigis the mass of the composite
after evacuati on atl waslcllculdted fromyweight ghin anfl theH KU S T
stochiometric production of the solvothermal synthesis

The polyhedral HKUST1 crysals can be clearly distinguished from the attached GO
plates based in the SEM images (F38). The GO sheets adhere strongly to sheface
of the MOF crystals. GOpartially wrap the HKUSTL crystals, independently of the
addedGO amountThe crystal shags are very similar to that of the pristine HKUST
(Fig. 39a) and the ones formed in the presence of CA @5b) under the same conditions
as HKUSTF1@GO (Fig. 39b-e). The effect of GO on the HKUST crystals is
spectacular. The addition of the lowestlamt of GO practically doubles the size of some
of the crystals (Fig39b). A further increase in the GO concentration (FRf& and d)
gradually decreases the c¢rysl(Big.3a).Atdhet he typ
highest GCconcentration tested, rodnd flowerlike structuresvere formedFig. 39¢)
besides the usual polyhedral crystals. fdoh formations were observed in the other
samples. It is assumed that the large amount of GO sheets acts as a physical barrier,
inhibiting or slowing down the crystal growth and thus leading to theand flower
like structures and a reduced yield (FR38e). Moreover, the acid/base properties of the
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GO itself have an influence on the safsembly of the HKUST precursors, and thus
may contribute to this spectacular morphology. (Previous spectrophotometric and zeta
potential measurements of our research group confirmed thathefphis GO is in the
region 45 [354].)

Figure 39. Polyhedral HKUSTL crystals and GO wrapped crystals are clearly
shown in the SEM images of (a) HKUSI, (b) HKUSF1@GO1;

(c) HKUST1@GO1.5and(d) HKUST-1@GO2. The new interesting flower
like structure is appeared in case of @ HKUST1@GGO2.5 sample The
scal ebar[3B]s 10 & m.

Wang et al. used different modulators (sodium formate, sodium acetate and
triethylamine) to control the morphology and size of HRUB[328. They demonstrated
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that pH can indeed significantly influence crystal growth by affecting the protonation of
benzenel,3,5tricarboxylate (bt€) ligands and, thus, the crystal nucleation. Only
rod like structures were observed in the correspog@EM images.

The HRTEM images in Figur4¢0 show that the bulky crystals of HKUSIT are built
up from nanosized crystalline particles that eventually ripen into larger crystals through
oriented attachmenBbY. In the pristine HKUSTL (Fig. 404), the average size of the
nanocrystals is ca. 4.6 nm, while in HKUS®@GO1 (Fig.40b) and HKUST1@GO2.5
(Fig. 40c), they are typically larger, around 7.6 and 11.0 nm, respectively. The larger size
implies that the nucleation of HKUST crystals and theioriented ripening may be
slightly inhibited in the presence of GO.

a b c

Figure 40. HRTEM images of (a) HKUST (b) HKUSTF1@GO1;
(c) HKUST-1@GG2.5. The scalebar is 50 nfr853

Powder xray diffractograms of the composites confirm that the polyhedral shapes
shown in the SEM images are indeed HKUBgErystals. The characteristic XRD pattern
of HKUST-1 was clearly observed in all the composite systems 4E)cas well as in the
previously presented HKUST@CA (Fig.36). In the diffractogram of the pure GO, the
broadened peak centered at 2d = 10.9A corre
of 8.1 j, deduced 358 ®unngtthe bydr&heangl gyntkegisiGOt i on |
undergoes further exfoliatior84, 316, 319, 330 The high resolutioiTEM images
reveal that the GO sheets are well dispersed in the associated material and are directly
attached to the HKUST crystals. Thus, the characteristic peak of GO does not appear
in the signal of the composites. The diffraction results show no difference in the
crystalline patterns compared to HKUST except in the case of HKUST@GG2.5.
The latter diffractogram contains additional peaks (#ig.*), which may correspond to
different structures (Fig39e). Interestingly, the peak positions in the XRD patterns of
crystals prepared in the presence of sodium formate (six equivalents with respetk to btc
by Wang et al. are in good agreement with the additional peaks in the HK@&0O
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2.5 sample [328]. Presumably, the effect of GO and sodium formate in the reaction
mixture is very similar: they shift the original pH = 2.05 of the synthesis mixture tehigh

but still acidic, values.
HKUST-1@GO0-2.5
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Figure 41. XRD patterns of the pristine GO, HKUSTand the composite
materials with different GO content. The peaks were normalized to the maximum
intensity peak, and shifted for better visibility. * marks the peaks niotifigel in
HKUST-1.

Nitrogen adsorption/desorption isotherms were used to reveal the effect of GO on the
porous texture (Figd2). The composites, similarly to HKUST, are highly microporous
(Fig.429. Unlike HKUST-1 itself, all the GO containing sampke¢hibit a flat, elongated
hysteresis loop of Type H8J], often found with aggregated crystals (F&1.0).
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Figure 42. Comparison of (a) dw temperature -¢ 9 6 AcC) nitroger
adsorption/desorption isotherms of the pristine HKtISE&nd thecomposite

materials with different GO conterand (b) their mtegral pore size distribution

determined by BJH model from the adsorption branchihefisotherms. The

validity of the method is limited to the® nm rangethe vertical dash line marks

the 2nm [353]

The evolution of the hysteresis loops is a sign of alteration of the texture in the
mesopore range, even if these changes are beyond the sensitivity of the XRD technique.
GO alone, without a deliberately designed multidimensional structur@tia highly
porous material. When it is dispersed in the composite systems it adheres to the crystals,
thus affecting the development of their pore structure. Only thecp@O content in
HKUST-1@GQ02.5 results in a significant deviation from the isotheah pure
HKUST-1. Therefore, it is not surprising that the value§sf, Vimicro andVio; of the other
composites are very similar and close to those of pure MOF except HA@EIG 2.5
(Table 7). The largest GO content induced a dramatic change: the gaBges Vmicro
andVie: all decreased by about 60%. This may be related to the different crystal formations
having different pore structures and thus limited adsorption properties. As kernel files
necessary for DFT (Densifynctional theory) based calations are not available for
associated systems the pore size distribution (PSD) was calculated with the BJH method
(Fig. 42b). This Kelvin equation based method is limited to the mesopore,rdmpegpore
size distribution below 2 nm (vertical dash lirould be treated with cautioihe
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isotherms and these PSD curves concomitantly show the strong influence of GO in the
mesopore region.

Table 7. Characteristic data of HKUST@GO samples derived from low
temperature nitrogeadsorption/desorption isotherms

SeeT Vmicro Viot Vmeso

Sample

[m?g] [cm¥g] [cm3g] [cm%g]
GO 20 0.01 0.07 0.06
HKUST-1 1500 055 0.62 0.07

HKUST-1@GO1 1470 0.54 0.61 0.07
HKUST-1@GO1.5 1500 0.56 0.63 0.07
HKUST-1@G0O2 1550 0.57 0.65 0.08
HKUST-1@GG2.5 560 0.21 0.27 0.06

The data in Table 7 reveal that the surface area of the associated samples is not a linear
combination of the components. Figud8 compares this observation with various
references. At lower GO content there is a synergism, but higher GO content reduces the
surface area. A correct comparison is almost impossible as GO is a poorly defined
material; its properties (size, surface chergisttc.) depend strongly on several factors
including the synthesis conditions. Moreover, the manufacturing of the associated
material is also a complex process. The following elements of the mechanism have been
recognized: i) the oxygeoontaining functnal groups of the GO interact with the?Cu
ions, and the GO sheets thus provide nucleation sites for HKU§Mwth; ii) the
presence of GO reduces the spatial freedom for crystal growth; iii) too much GO disturbs
the crystal formation; iv) at high GO eentration, GO can agglomerate, which also may
lead to distorted structures3]1l, 312, 356. The interactions between the
oxygercontaining functional groups and the copper ions may result in new-miteee
and/or macrepores B10, 312, 315357]. Interestingly, none of these studies addresses
the possible influence of GO on the pH of the synthesis med328. [Nevertheless,
Figure43 reveals that the apparent surface area of our samples is comparable to the
highest values reported by other groug®q 309, 311, 312, 315, 3i®0, 357.
Theconcentratiordependent effect of GO implies that the GO content must be optimized
according to the desired performance, e.g., to obtain the best adsorption properties.
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Figure 43. Influence of GO content on the apparent surface area of the associated
HKUST-1@GO. Comparison of the present results and reference] 888.

Thermal stability of the composites was also investigated in air. Hgarghows the
full temperature scale T@urves of the parent materials (HKUSTand GO) and of a
selected composite, namely HKUS@GO2. Figured4b highlights the derivatives of
the same curves ( DT GSH)summariyesthgthetmal behdiour A C
of all the prepared HKUST@GOcomposites). GO loses the physically adsorbed water
prior to 150 AC, an dcontibimgvumctiohsd @arbéxgic and e
lactone) groups decompos85H . Around 550 AC, B399 e
Thethermal behaviour of the composites is similar to that of pristine HKWUSAs it
was discussed earlier, the first st¢p0-125A C)n the TG signal of HKUSTL
corresponds to water released from the pore system. The ran@s0A5C i s rel at ed
the evapaation of the thermally hydrolysed ethanol from the ethyl ester of tixcH
ligands formed at the edges of the HKUST cr yst al s. The sharp
oxidation of the organic ligand. The peak positions in the DTG curves in t8e530 A C
temperature range of the composites are shifted to slightly lower temperatures compared
to HKUST-1, possibly indicating that the release of the volatile species from the planar
GO surface requires less energy than from the narrow capillaries of the (Noé
d fference of the fiwatero peaks below 100 A
of the laboratory air.). Figurd4b reveals that the ratio of the peaks from water and
chemisorbed ethanol are notably different in HKUE@and HKUST1@GGO2, implying
thatthe carboxyl groups of GO also form ethyl esters during the syntt8d€s The
characteristic decay atabout 58€C of GO di sappear ssddandal | t
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S11). The heat generated and the presence of Cu as a potential catalyst result in the
paralleloxidation of the GO in the same way as in case of HKUBICA (Fig. 38c).
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Figure 44. Comparison of (aJG and (b) limited temperature range DTG curves
of the parent materials in air. HKUST (light blue) and GO (black) and
HKUST1@GG2 composite[ 353

In summary, the formation of HKUST was equally successfalthe presence of CA
and GO under solvothermal conditions. Exclusively HKLISfbrmed with 10ang CA
and 1040 mg GO, but higher GO content led to the formatiopasfly norrecognisable
side-product(s) with different crystal structure and porosity. The different nature of the
nanostructured carbon materials resulted in diverse composite systems.
In HKUST-1@CA the crystal growth occurred also in the pores of thetds better
integration was achieved than in the HKUSFCA physical mixture. In the latter the
characteristic decomposition of the two components is well distinguiS4&d 353. In
HKUST-1@GO systems, GO sheets are uniformly dispersed in the systesttacited
to the HKUSTL1 crystals. All the composites develop mesopores in contrast to the fully
microporous HKUSTL. In HKUST-1@CA these mesopores are primarily inherited from
CA. In the HKUST1@GO they are created at the interface of HKUS¥ystals an&6O
sheets. The thermal behaviour of the HKUE®CA and HKUSTI@GO is very similar
to the pristine HKUSTL which also shifts the decomposition of the nanostructured
carbon materials to lower temperature.
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5.4.2 Adsorption of methane, hydrogen and carbon dioxid

Methane, hydrogen and carbon dioxide adsorption performance of the composite
materials was investigated to reveal the effect of the nanostructured carbon incorporation.
The methane adsorption isotherms are compared urd4§.
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Figure 45. At mospheri c methane adsorption capac
aerogel and (b) graphene oxide based compogigds8, 353

Independently from the type and added amount of nanostructured carbon and the
preparation method (physical mixing or solvothermaivwgh) the composites exhibit

similar methane uptake with an averageof3¥%cp (1. 2 mmol / g)8at 0 AC
which is between the adsorption capacity of pristine HKUST2931 cn¥/g;
1.3-1.4mmol/g) and carbon aerogel (33 ¥ 1.5 mmol/g).
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The atmospheric hydrogen1(9 6 A C) and carbon dioxid
HKUST-1@GO composites was also investigated (&).
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The adsorption performance ob KFig. 42), CHs (Fig. 45b), CO, (Fig. 46a), and H

(Fig. 46b) displays different trendaccording to GO content (Table 8). A comparison of
the sets of isotherms shows that only the HKUSPGO2.5 sample again exhibits
significant deviation from the other samples. Theatsorption capacity of the composite
systems does not reach that of pnstHKUST-1 (11.5 mmol/g). HKUSTL@-GO-2 is

the best, with 10.9 mmol/g. The very similar £Bdsorption capacities of all the
GO-containing samples (except HKUSII@G0O2.5), 1.3 0. 1 mmol / g on
only slightly lower than that of puteKUST-1. Data in Table S1 (for comparison reported
as mmol/g) show that the static adsorption capacity of HKW&IGO samples (except
HKUST-1@G02.5) is comparable to that of the bestrforming HKUSF1@GO
composites reported by other groups. Although tBe &isorption capacity of HKUST
(4.0mmol/g) is below the 8 mmol/g uptake reported by other groups, but the uptake of
the composites (except HKUSI@GG2.5), ca. 8.5 mmol/g, is very close to the values
published by other author3(s, 311, 312, 315
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Table 8.Comparison of the adsorption capacities at atmospheric pressure for
N:andHat 71196 As6dChad OWKAC.

Uptake
Sample [cm3, STP/g]
N> H> CHs CO2
HKUST-1* 429 - 29 -
CA 1388 - 33 -
HKUST-1@CA 1459 - 30 -
HKUST-1+CA 1809 - 32 -
HKUST-1** 402 261 31 91

HKUST-1@GO1 394 223 28 196

HKUST-1@GO1.5 406 206 29 194

HKUST-1@G0O2 418 247 31 192

HKUST-1@G0O2.5 174 87 12 52
* Ref. 361; ** Ref. 358

The methane adsorption performance of HKkISWas quite well preserved during
the composite formation both with CA and GO. Furthermore, HKUEIGO
composites (except HKUFS@GQG2.5) adsorbed more than twice as much carbon
dioxide as HKUSTL, while HKUST1@GO2 showed the best hydrogen adsorption
performance among composites.

To revealthe effect of the nanostructured carbons on the mechanical stability and the
water resistance of HKUST in associated systems, HKUS®@CA, HKUST1+CA
andi on the basis of the morphological characteristics and the adsorption perfoiimance
HKUST-1@GO2 wastested in additional experiments.

5.4.3. Behaviour of the carbon composites in humid conditions

The effect of the CA support on sensitivity to water was tested on the HKUST
HKUST-1@CA and HKUSTL + CA sampl es after preheating
liquids filling the pores were removed (Fig7). The polar HKUST1 adsorbed about
twice as much water as the nonpolar CA. The binding sites of different strengths are
clearly recognizable from the adsorption isothe@4Z. As expected, the interaction
betwea the water molecules and the HKU&Ts much stronger than in the case of CA,
as reflected in the initial slope of the isotherms. The adsorption/desorption process is
irreversible, water molecules being retained in the pores in both pure samples. In the
composite samples the polar character of the MOF defines the shape of the isotherms.
The presence of CA reduces the water adsorption capacity, this effect is more pronounced
in HKUST-1+CA. The different binding sites are still distinguishable and the tidles
occur at the same/py values, but the shape of the isotherms is slightly different.
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HKUST-1@CA and HKUST1+CA adsorbs slightly lower amount of water vapo
which may delay the degradation of HKUSTThe adsorption capacity of the associated
systemsds significantly lower than that of HKUST. This limited protection may be too
high price forsacrificing the excellent adsorpticapacity.
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Figure 47 Wat er vapour adsorption/desorption
the evacuat e d-1(plieSdquare,CA (bladhclick)T HKUSIT@ CA

(pink triangle) and HKUSTL+CA (wine diamond)The maximum adsorption of
HKUST-1 was set to 1009348

In order b study the influence of the GO as a potential protecting associate component
the behaviour of the selected HKUS®@GO2 composite was investigated under the
same conditions as HKUST in section 4.2HKUST-1@GG2 sampl es dri ed
air under ambienconditonsRH4050 %) or acti vated at 110
exposed to atmospheres of RH 11%otherRH 85 Y
exposed HKUSTL, the treated materials were denoted as sample name_drying
temperature_relative humiditfhus, HKUST1@GG2_110_11 refers to the composite
which was activated at 110 AC and then e

Powder XRD was performed on the cured HKUB®GG2 without further
treatment. Figurd8 compares the XRD profiles of the HKUSII@GO2 (Fig.48a) and
of HKUST-1 samples (Figd8b) with the same prehistory.
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Figure 48. XRD profiles of (a) HKUST@GGO2 and (b) HKUSTL before and

after exposure to humid air. Blue and orange patterns belong to initialregd

HKUST1 and HKUSTL@GQO2, respectively. Initial aird r i e d (20 AC) a
activated (110 AC,xpasedm)omBHetl®l anaed?d
for 21 days and then measured without further treatnj8s8)

n
9

The XRD patterns of HKUST@GO?2 treated under the same conditions as HKUST

shows almost the same changes. However, the peak widening and baseline increase i

case of HKUSTL@GO2_110_11 seems to be less dramatic. The high relative humidity

of the activated samples resulted in total structural transformation in both sample set.
Thedisintegration is also clearly visible in the SEM images of the corresporatimges

(Figure49. ) . In the high humidity environment f
formerly polyhedral crystals become lamellar, even in the presence of GO.
Suchstructures were not observable in the other samples.

18kV

Figure 49. SEM images of (a) HKUSLI@GG2_ 110 85 and
(b)HKUST1 _110_85. The $35%!|l e bar is 10 Om.
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The changes in the isotherms of HKUS®GO2 (Fig. 50a8) and HKUSTF1
(Fig. 50b) samples of identical prehistory show very similar trends. The data derived from
the nitrogen adsorption measurements of HKUB®@GO?2 are listed in Table 9, the
corresponding data of HKUST are shown in Table 3. GO obviously provides a
remarkable degree of protection when the -notivated sample is exposed to 85%
relative humidity (labedd as 20_85). HKUST has a porosity reduction of about 40%
under this condition, while that of HKUST@GQG?2 is only ca. 20%.
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Table 9. Apparent surface area £5), micropore (Mico), total (Mo) and
mesopore/olume (Mesg before and after exposure to relative humidity *.

Sample SBE‘I_’ Vmicro Vot Ymeso

m2L- 'g cmi ( ST'P)

HKUST-1@G0O2 1550 0.57 0.65 0.08
HKUST-1@G02_20 11 1460 056 0.62 0.06
HKUST-1@G0O2_20_85 1200 0.46 0.50 0.04
HKUST-1@GG2_110_11 470 0.18 0.36 0.18
HKUST-1@GG2_110_ 85 65 0.03 0.05 0.02
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Figure 5lad compares the DTG curves of the corresponding HKS3and
HKUST-1@GO2 havi ng
treatedHKUST-1@GO2 samples are very similarthat of HKUST1. In the composite
system, the second DTG peak related to the ethanol formation is still recogrii$able.
implies that some of the morathyl ester bonds remained untouched during the 21 days.

6

t he

54

4

DTG [%/°C]
w

~

— HKUST-1

1 \,/"\

ol— ‘ ‘ .
50 100 150 200 250
Temperature [°C]
a
6
110_11 — HKUST-1
5,
X S
&gl &
O] ]
=l =
a) o)
l,
0 — : = :
50 100 150 200 250

Temperature [°C]

C

DTG [%/°C]
w

same

6

prehistory

54

4

20_85 — HKUST-1

50 100 150 200  25C
Temperature [°C]
b
6
110_85 — HKUST-1
5,
4,
3,
2,
1] /\
0 S
50 100 150 zoo 250

Temperature [°
d

Figure 51. DTG curves of (a) as received HKURT (blue solid) and
HKUST-1@GG2 (orange dash) after exposure to (a) 11% and (b) 85% relative
activated samples (110 AC,
(d) 85% relative humidity. Thermal analysis was carried out in oxidative
atmosphere (air flow: 130 cth mi n ;
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Also taking into account that the degradation of the pohemein the composite sample
was half that of the pristine HKUST it is assumed that hydrolysis of the ester bonds
preventsthe attack of the crystalline structure. Instead of eroding the cdpjmc
coordination bonds within the pores (as in case of HKAxThe water hydrolyses the
easily accessible ester groups the GO surface. Thus, GO is able pgmtect the
copperi carboxyl coordination bonds, probably by sacrificing the ester groups formed
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Results and discussi

during the solvothermal synthesis between ethanol and the carboxyl groups on the
GO sheets. The shift between the twovas in Figuré1bis a result of the higher ethanol
content, i.e., higher volatility, released by the GO sites.

In summary, HKUSTL@CA and HKUST1+CA adsorbs slightly lower amount of
watervapourcompared to HKUSTL, thus the lower water content in theypital mixture
and the composite system may delay the degradation of HKWSH case of
HKUST-1@GO02, it was found that GO is able farotectthe copperi carboxyl
coordination bonds, probably by sacrificing the ester groups formed during the
solvothermabkynthesis between ethanol and the carboxyl groups on the GO sheets.

5.4.4. Compressed of HKUSTLT carbon nanoparticle powders

5.4.4.1. Structural behaviour

As seen before (Section 4.3. Compaction of HKtISJowder), compact pellets were
formed from the HKUSTL powder at 2200 bar. The increasing external pressure
caused increasing porosity loss. In order to reveal the effect of the carbon nanoparticles
on the mechanical stability the binary systems were studied under compression as well.
To facilitate the comparison figures related to the pressure induced amorphization of
HKUST-1 will be show here again (Fig33 and34.).

In Figure 52 the physical appearaacof the compressed binary samples in a
microscopic level are compared. The physical mixture of HKI1%hd CA formeanly
loosely textured disks at 100 and 200 bar, but they easily disintegrated during the
preparation for further examinations. ParticiesiKUST-1+CA adhered to some extent
under 200 bar (Figh2). CA itself did not form a pellet in the pressure range investigated.
The robustness of the HKUST@ pellets increased by the applied pressure and compact
pellets with layered structure were formad100 and 200 bar (Fi$2). This indicates
that in the HKUST1 7 CA systems the mechanical stability of the disks was ensured by
HKUST-1. Compression of HKUST@GQO?2 already at 25 and 50 bar was successful,
providing pellets with microscopically recogable polyhedral crystals (Fi§2).
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HKUST-1@CA HKUST-1+CA

HKUST-1@G0O-2

Figure 52. SEM images of the internal surface of the various compressed
samples[34§
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The diffraction profiles of theompressed HKUST i CA samples are compared in
22.9A;

Figure53. The two broad bumps 2=

sign of limited structural regularity (Fi§3b). Both binary samples show poorer pressure
resistance than their individuabmponents. The structure of HKUdTdisappears in
HKUST-1@CA at 50 bar (Figh3c) and in HKUSF1+CA at 100 bar (Figs3d), which

43.1A) of

t he

an

implies that the physical mixture offers slightly better resistance to pressure than the
composite.

Relative intensity [a.u.]

Relative intensity [a.u.]

Figure 53. Comparison oXRD patterns of the as received powders (HKUST
blue; CA: black, HKUSTL@CA: pink, HKUST-1+CA: wine) and compacted
(@) HKUST1 (same as
(d) HKUST-1@CA at 25 bar (green), 50 bar (red), 100 bar (yellow) and 200 bar

(purple). The peaks were normalized to the maximum intensity peak, and vertically
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The effect of the pressure induces nanoscale changes which influences the adsorption
properties (Figsh4 and 5%and results in the reduction of the micropore volume. Various
porous carbons of different forms amdigin [52, 347, 36(] are known for their
high pressure resistance. The prepared CA aerdgslever shows deviation in the
highrelative pressure range, which corresponds to wider n@egbnarrow macropores:
mechanical stress affects these wider poFég. b4b). CA is the most resistant in the
narrow pore region (first part of the isotherm). The increased total pore volume indicates
that the interparticle spaces, which exceed the window of nitrogen adsorption, may shrink
and shift into the range alreadietectable by low temperature nitrogen adsorption
measurements resulting in an increase in total pore volume of more than 200%.
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Figure 54. Comparison oflow temperature nitrogen adsorption/desorption
isotherms of the as received pow@dKUST-1: blue; CA: black, HKUSTL@CA:
pink, HKUSTF1+CA: wine) and compacted (a) HKUST(same as Fig. 32) and
(b) CA at 25 bar (green), 50 bar (red), 100 bar (yellow) and 200 bar

(purple).[348
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The isotherms of HKUSTL@CA (Fig.55a) show a gradually deeasing trend similar
to HKUST-1 (Fig. 54a) through the whole relative pressure range. The pore size
distribution (Fig.55¢c) reveals how the width of mesopores narrow and their volume
decreases with increasing compression. The HKW$TA isotherms revea slightly
different pressure sensitivity (Fig4d). Up to 25 bar HKUSTL@CA seems to be more
resistant, but the XRD results show that at 50 bar this obstacle disappeasSgfig.
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Figure 55. Comparison of Badsorption/desorption isotherms of the as received
powder (HKUSTL: blue; CA: black, HKUSTL@CA: pink, HKUSTL+CA: wine)

and compacted (a) HKUST@CA and (bHKUST-1+CA at 25 bar (green),
50bar (red), 100 bar (yellow) and 200 bar (purple). Pore sizerithistion was
calculated from the desorption branches of the isotherms using BJH method both
for (¢) HKUSTF1@CA and (d) HKUST+CA.[34§
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Figure56 and TableS2 compares the trend in the numerical parameters deduced from
the nitrogen adsorption measuremeafscompressed samples. Not surprisingly, the
apparent surface area and the micropore volume show similar tendency. The mechanical
protective effect of the carbon is similar in both binary systems.
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Figure 56. Effect of compression on (a) gSr. (b) Vi, (C), Vimicro from
N, adsorption/desorption isotherms (see also Table S2). [S32, S35]

Compact pellets were obtained from HKUS®GO both at 25 and 50 bar. In contrast
to the CA containing systems (Fig@) the XRD pattern learacteristic to HKUSTL was
well preserved during the compression process (Bi@). Similar to HKUSTF1
(Fig.57b), the peak positions slightly shifted to higher angles, implying decreased
interplanar distance and shortened bond lengthKIIST-1@GG2_25 the increased
relative intensity of the (222) reflectiond2= 12 A) may indicate tha
HKUST-1 crystals turned into a preferred direction during the compression due to GO.
At 50 bar peak widening and baseline increase wasadzs@ndicating a more dramatic
damage in the crystal structure.
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On the contrary tahe expectations based on XRD results there is practically no
difference between the pore structure of HKUB®GG2 pellets compressed at 25 bar
or 50 bar (Figh8d). Moreover, no adsorption hysteresis was observed.
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Figure 58. Comparison of Madsorption/desorption isotherms of the as received

powder

(HKUSTL@GO:
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HKUST.:

blue) and

compacted

(@) HKUST-1@GO and (bHKUST1 (from a second batch) at 25 bar (green),

50bar (red).[349

The HKUST1 used for these experiments did not show hysteresis when compressed
either at 25 or 50ar (Fig.58b). Therefore, its absence cannot be related to GO. Similarly
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to reference works thporosity decreases with rising press(iFég. 56) [264]. Thus,
nitrogen adsorption/desorption isotherms also support the outstanding mechanical
stability of HKUST-1@GO2 among the binary materials.

All in all, when compressed, the CA containing binary ayst lose their
microporosity similarly to HKUSTL (Figs. 56aandb). However, CA both in the physical
mixture and the composite provides a certain level of protection. The protective effect of
GO is outstanding at 50 bar. Presumably, the flexible GO shébtdigh mechanical
stability act as spacers between HKUSTrystals thus preventing their degradation.

5.4.4.2. Effect on gas storage: methane adsorption on compressed associated systems

For applications, it is of primary importance to see the effect of the pelletization on
the methane adsorption capackpr methane adsorption measurement HKUSIGO
and HKUST1@CA samples were selectegisied on their texteand properties after the
compession HKUST-1@CA formed pellets after compression at 100 bar and
HKUST-1@GO2 formed pelletbothat 25 bar and 50 baAtmospheric methane uptake
at 0 AC of these pellets were compared with

The methane isotherms of the CA containing binary samples and parent materials
before and after compressed at 100 bar are comparediire 58 All the isotherms show
reversible adsorption. Due to the ambient test conditions applied, the capacities are
significantly below the nitrogen adsorption datéethane uptake per unit mass of CA is
greater than that of the HKUSIT (Fig. 59b). But the apparent advantage of CA itself in
gravimetric terms immediately disappears in the voluméiriethane uptake per uni
volume)comparisonCA has extremely low bulk density 6f075 g/crm [361], while the
bulk density of HKUST1 is 0.33 g/cri Thus, HKUST1 has more than 4 times larger
volumetric CH4 capacity at atmospheric pressure than CAe bulk densities of the
HKUST-1@CA and the HKUSTL+CA composite samples were 0.19 gicend
0.12g/cn, respectively. The corresponding volumetric adsorption capacities exceed that
of the plain CA by factors of 3.5 and 2.5, respectively.
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Figure 59. Comparison of Ckladsorption/desorption isotherms of the as received
powder and pelletized (a) HKUSE (b) CA, (¢) HKUSTL@CA and
(d) HKUST-1+CA at 100 bar[34§

The mass related (gravimetric) adsorption data were used to evaluate the effect of the
compession on the binary samples. After compression at 100 bar the loss adiidity
was 40% in the case of HKUSI, 57% for HKUST1@CA and slightly less, 46% for
HKUST-1+CA, i.e., in these composites the adsorption of the HKWSbmponent
governs the upke. The trend of the additivity (or its absence) of the highest adsorption
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capacities is the same as in nitrogen adsorption. The initial sedfotme methane
adsorption isotherms were fitted to the DR model in order to estimate the effect of
pressure o the adsorption energy. The slope reported in Table S3 is inversely
proportional to the adsorption energy. After compression, the slopes decreased in each
case, which means an enhancement of the adsorption energy. The heat release during the
adsorption cgle (filling) challenges the uptake amount if the thermal conductivity of the
adsorbent is poor. In the working cycle, the adsorbent cools down due to endothermic
nature of the desorption, reducing the delivery capacity. Nevertheless, the enhancement
is close to 25% in case of the pure HKU%Tand only 7% for CA. HKUSTL+CA
behaves similarly to HKUST, while HKUST-1@CA shows an effect comparable to the
pure CA. Basically, no significant difference was found between the corresponding
CH. adsorption isothermof the binary CAcontaining materials either in the as prepared
samples or after compression at 100 bar [348].

The methane adsorption on HKUSTand HKUST1@GGO2 powder and pellet is
compared in Figre 60. In spite of the fact, that HKUST@GO hasslightly higher
apparent surface area and pore volume, its methane adsorption capacity is lower than that
of pristine HKUSTF1 (Table S3). It suggests, that GO slightly inhibits the &dsorption
in the low pressure range. Presumably, nitrogen molecules aressure fill the formed
micropores in the interface of HKUSIT and GO, but the adsorption of methane
molecules in these porésnot favourable. Pellets from both materials showed reduced
adsorption capacity in agreement with nitrogen adsorption uneagnt (Fig. 58).
HKUST-1@GO2 pellet obtained at 50 bar shows a little bit lower methane adsorption
capacity than which was obtained at 25 bar (6@d). As for CA containingsamples, the
DR model was fitted in order to estimate the effect of pressutbeadsorption energy
(TableS3). Similarly to CA based materials, the decreased slope indicates enhanced
adsorption energy as a result of compaction. Basically, there was no difference between
HKUST-1 and the composite in this regard.

GO containing asxiated systems better preserved their methane adsorption capacity
than HKUST1@CA and HKUST1+CA. The protective effect of GO is remarkable at
higher pressure as HKUSI@GG2 50 adsorbed slightly more methane as
HKUST-1_50.
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Summary

6 Summary

The strictly microporousopperbenzenel,3,5tricarboxylate (Cgbtc,) or shortly
HKUST-1, the iconic metal organic framework capable for adsorptive gas storage has
been investigated. It was prepared under solvothermal conditions by the reaction of
copper nitrate and benzefe3,5tricarboxylic acid in wateethanol mixture with a yiell
of 84%. Itsair dried form contains ca. 9.4 mol watsbtc, unit partially bonded to the
free sites of copper atoms and partly as bulk water filling the Al5rid 135 nm wide
microporesDuring the thermal decomposition of HKUSTa ca. 3% exothermic weight
l oss occurs between 150 and 250 AC which
literature. Only ethanol was identifi@athe evolving gas. It is proposed tlitabriginates
from the thermal decomposition of maethyl esters fomedin the solvothermal reaction
between the ethanol and some of the carboxylic groups of the beh&be
tricarboxylate organic ligands on the crystal surfadeus, ethanol molecules serve as
barriers that prevent further growth of the HKU$ Trystalin the precursor solution.

HKUST-1 is not stable under humid condition, however the mechanism of its
deterioration is not fully understood. The ki of our air dried sample (stored in sealed
containerfor 31 montls) was found 33 month fronN, adsorpion properties The
apparent surface area decreased buignoof the hydrolysis of monrethyl ester groups
was detectedSamples of different prlistory concerning their contact with humid air
were studied to get closénformation aboutthe structuralchanges. SEM imaging,
TG/DTG, powder XRD and low temperatuxe adsorption measurements were used to
reveal the deterioration. It was found that the water moleéaléise air died sample
stabilize the microporous structure. To maximize the gas adsogaatcity the removal
of the water molecules cannot be circumvented. Once all the water is removed the re
exposition to humid gas/air results in the enhanced decomposition/transformation of the
crystalline structure and corrupts the adsorption propeifiepending on the relative
humidity this may lead to the partial or total loss of the microporosity, occasionally along
the development of mesopor®gater molecules with five different binding strengths were
distinguishedHKUST-1 is transformed into a mixre of several, up to know not idereid
crystalline compounds. | succeeded to identify one of the minor products as hydrogen
triaqua benzeng,3,5tricarboxylate copper(ll) [Cu(OO&sHsCOOH): 3H.0]. My
finding implies that the radsorbing water attacks thepper- carboxylate bonds.

HKUST-1 pellets were successfully formed using an OL57 hydraulic press under
25-200 bar external pressufehere is a high price to pay for compacting as a drastic loss
in the crystallinity and the porosity of HKUST occurred even at the lowest pressure.

106



Summary

HKUST-1 formation in the presence of amorphous mesoporous carbon aerogel (CA)
and practically two dimensional graphene oxide (GO) under solvothermal conditions was
equally successful. The Clubenzenel,3,5tricarboxylateself-assembly was influenced
by the amount of associating material, challenging the purity of the HKU$Tigher
(2.5 g/dnf) GO contenin the precursor solutioled to the formation of not identified
sideproduct(s) with different crystal structure and porosi®O i in an optimal
concentrationi was able toprotectthe copperi carboxylate coordination bonds in
HKUST-1@GO systems against water, at least temporarily, by sacrificing the ester
groups fomed during the solvothermal synthesis between ethanol and the carboxyl
groups on the GO sheets. The HKUS®GO forms pellets already at 25 bar. The
porosity | oss is | es slandnatinfluencea by the pressuree
The flexible GO keets with high mechanical stability may act as compressible spacers
between the HKUSTL crystals thus preventing tha@imorphization.

The distinctive nature of the nanostructured carbon materials resulted in dissimilar
composite systems, HKUST@CA and HKIST-1@GO.The apparent surface area of
HKUST-1@CA was less than the area expected from additivity as HKWU$artially
occupies the pores of the aerogel. The micropores of the HKIU&GT the wider pores
of the CA form a micremesemacroporous system. Timeaterial is able to form pellets
at 100 and 200 bar, however, the high pressure corrupts the HEKWATicture and
suppresses the adsorption capacity. Nanoscale structure of a physical mixture with similar
composition (50 wt%) cannot be pelletized up t® 2@r and its HKUSTL content is
more sensitive to external pressure than in thesyrghetized HKUSTL@CA the
porosity of which gradually decreases with presstitee specific surface area of the
formed HKUST1@GO systems was practicalipaffected by the presence of GO at a
suitable concentration of2 g/dn® in the precursor solution. During the association, the
excellent adsorption properties characteristic of HK{SAre preserved

Atmospheric methane, hydrogen and carbon dioxide ptigorcapacity of HKUSTL
are in good agreement with literature dat@tihdne adsorption performance of HKUST
was quite well preserved during the composite formation both with CA and GO.
Furthermore, HKUSTL@GO composites (except HISI-1@GG2.5) adsorbednore
than twice as much carbon dioxide as HKUEWwhile HKUST 1@G& showed the best
hydrogen adsorption performance among compogi@scontaining associated systems
better preserved their methane adsorption capacity than HKIEBTA and
HKUST-1+CA. The protective effect of GO is remarkable at higher pressure as
HKUST-1@GG2_50 adsorbed slightly more methane as HK{S50.
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New results

7 New results

1. I was able to identify an until now neglected region in the TG/DTG cursepger
benzenel,3,5tricarboxylate(Cusbtc, or HKUST-1) metatorganic framework prepared
in waterethanol binary solvent under solvothermal conditidnssitu evolving gas
analysis and mass spectrometry revealed th
originates from the thermal decomposition of matlyl esters which were formed
during in the reaction between the ethanol and the carboxyl groups of the benzene
1,3,5trycarboxylic acid organic ligand situated on the HKUBTrystal surface or in
edge paitions during crystal growth.

2. The air dried HKUSTL contains ca. 9.4 malate/Cusbtc, unit. Part of this water
fills the pores aGubtdbniis telatedwoahte ae Casites. TBe mo | /
presence of the water results in a slow decap®fMOF with an estimated hdife of
about 33 months. Exposition of these samples to 11 and 85% relative humidity (RH) for
21 days at 20 AC revealed that these water
to the framework even against RH 85%eTsamples keep their exclusively microporous
character, but their pore volume is reduced according to RH conditions.

3. The samples activated in vacuum either
After exposing these activated samples to RH 1192far d ay s a tadsBrBingAC t h e
water molecules result in the partial disintegration of the isoreticular structure of the
HKUST-1. The formerly exclusive microporosity is suppressed and mesopores with a
size distribution maximum of 25 nm develop.

4. After exposing the activated samples to R
re-adsorbed water molecules have five different binding strengths. The water molecules
result in the complete disintegration of the isoreticular structure of the HKUS e
porosity is pactically completely lost and several up to now unknown disintegration
products are formed. | succeeded to identify one of the minor products as hydrogen
triaqua benzené,3,5tricarboxylate copper(ll) [PDF_0064-1336:
Cu(OOC)(CsHsCOOH)  3H20]. This poduct implies that the radsorbing water
molecules attack the coppiecarboxylate coordinative bonds.
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New results

5. | found that carbon aerogel (CA) is able to form an associated system
(HKUST-1@CA) when added to the precursor solution of HKUBTprior to its
solvothermal synthesiShe apparent surface area of the product is less than the area
expected from additivity as HKUST partially occupies the pores of the aerogel.
Thematerial forms compacpellets at 100 and 200 bar, however, the high pressure
corrupts the HKUSTL structure and suppresses the adsorption capacity. Nanoscale
structure of a physical mixture with similar composition cannot be pelletized up to
200bar and its HKUSTL content ismore sensitive to external pressure than in the
co-synthetized HKUSTL@CA the porosity of which gradually decreases with pressure.

6. | found that graphene oxide (GO) is able to form an associated material with
HKUST-1. GOI in an optimal concentratidnis able tgprotectthe coppei carboxylate
coordination bonds in HKUST@GO systems against water, at least temporarily, by
sacrificing the ester groups formed during the solvothermal synthesis between ethanol
and the carboxyl groups on the GO sheets. BRI@GO forms pellets already at
25bar. The porosity | oss wa-§antmosirdluenceéddoyn t h
the pressure. The flexible GO sheets with high mechanical stability may act as
compressible spacers between the HKWSTcrystals thus preventing their
amorphization.
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Corresponding organic ligands to the listed MOFs in Figure St.: a
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Figure S1.g-l
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Corresponding organic ligands to the listed MOFs in Figure lL:
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Figure S1:.m-r
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