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Abstract

The main purpose of this project was to synthesise, characterise and evaluate metal
organic frameworks (MOFs) and MOF-derived carbons for different applications.
Carbon is widely used in the structure of electrodes of electrochemical energy
conversion/storage devices. In order to control the pore size distribution of such
carbons, the pyrolysis of MFOs under inert atmosphere was considered. MOFs are
highly porous crystalline materials constructed from metal ions linked together by
different organic ligands. When MOFs are pyrolysed, the resulting carbon material
inherits the pore structure of the precursor MOF. By combining different metal ions
and organic linkers, it is possible to create MOFs with different pore sizes. In this
research, we aimed to take advantage of this property and derive carbons from MOFs
to produce porous carbons with controlled pore size distributions and evaluate their
behaviour in electrochemical energy conversion/storage devices to improve the
performance of the latter. Three different MOFs were selected in terms of their pore
sizes (ZIF-8, MOF-5 and MIL-100(Fe)) and were hydrothermally synthesised and
characterised with Brunauer-Emmet-Teller (BET) and powder X-ray diffraction. These
MOFs were then carbonised under an argon atmosphere and characterised with BET
and energy dispersive spectroscopy analysis. The electrocatalyst was made by
loading platinum on the carbonised ZIF-8 and characterised with EDS to measure the
amount of platinum loaded and assess the homogeneity of the platinisation process
for fuel cell application. The Pt/Czr-s was electrochemically characterised by cyclic
voltammetry, oxygen reduction reaction and durability tests to evaluate its
electrochemical behaviour. For the supercapacitor applications, all MOF-derived
carbons were characterised by cyclic voltammetry and the cyclic charge—discharge

curve.



The separation ability of the MOFs was also assessed by immersion calorimetry, and
when any unexpected behaviour was observed, the assessment was applied to the
replica MOF (carbonised MOFs), and their behaviour was observed. After evaluating
the results, the best MOF/carbonised MOF for each application was introduced. Four
different MOFs, ZIF-8, HKUST, UiO-66 and UiO-67, were synthesised and
characterised with BET and X-ray diffraction, and their separation ability was
investigated using immersion calorimetry in xylene isomers. Since HKUST and UiO-
66 had unexpected adsorption behaviour, the replicas of these MOFs were also

produced under argon, and their separation ability was evaluated in m-xylene.



Impact Statement

The main aim of this research was focused on the enhancement of the performance
of electrochemical devices (supercapacitors and proton exchange membrane fuel
cells) and separation industries. The high demand for energy currently results in a
considerable amount of pollutant, which is of great concern. To overcome this
problem, electrodes/electrocatalysts with better performance and longer lifecycles
have been used. Highly porous materials and their derivatives are used as
electrodes/electrocatalysts and adsorbents respectively. The porosity of the electrode
materials has been controlled using the carbonisation of MOFs. MOFs are highly
crystalline materials that have recently gained much attention owing to their high
surface area, permanent porosity and varying applications. By controlling the pore
sizes of the electrodes/electrocatalysts used in fuel cells/supercapacitors, it is possible
to optimise the efficiency of these industry applications. Different MOF-derived
carbons with controlled porosity were synthesised, and the evaluation of their
applications in electrochemical industries has shown that it is possible to optimise the
performance of supercapacitors by controlling the porosity of the carbon used for the
electrode preparation.

Moreover, although xylene is one of the most commonly used solvents in different
industries, the removal of this solvent has always been a matter of concern. Various
MOFs with different pore sizes and structures were thus synthesised and used for
adsorption of xylene isomers using the immersion calorimetry technique in order to
identify the best performance adsorbents for the separation of xylene isomers.
Considering the easy and convenient methods of synthesising these materials, they
have the potential for industrial scale production. In 2016, Young et al. evaluated the

application.



Finally, MOFs are currently produced industrially by the BASF Company and sold by
Sigma-Aldrich, which provides the opportunity for researchers and people in the
supercapacitor industry or separation industries to use these materials to improve their

production performance.
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Chapter 1

1 Introduction

With an ever-increasing population, the demand for energy is also increasing. Owing
to the limited source of fossil fuels and their considerable ability to pollute, using
sustainable and eco-friendly sources of energy is of the highest concern. Most of the
energy used for transportation and heating in life is currently provided by fossil fuels,
which are the main producers of carbon emissions. It is estimated that by 2030, the
required energy will be 50% more than the current production (Resch et al., 2008).
Such increasing energy production will result in further carbon emissions. One way to
overcome this problem is to use renewable energy systems such as Li-ion batteries,
fuel cells and supercapacitors.

So far, batteries have provided the best performance in terms of energy storage
among portable energy storage strategies (Goriparti et al., 2014). Chemical energy is
converted directly into electrical energy in batteries through redox reactions in anodes
and cathodes (Martin Winter, 2004). The oxidation reaction takes place in the anode
and the reduction reaction takes place in the cathode, and the entire reaction is called
a redox reaction (Zhang and Zhao, 2009). A wide range of materials have been used
as anode materials in Li-ion batteries, such as graphitised carbon, metal oxides and
oxysalts. However, graphitised carbon has a relatively low charge storage capability
that consequently limits its application, and most metal oxides experience a severe
deterioration in capacity during cycling as a result of large volume changes (Goriparti

et al., 2014, Reddy et al., 2013). One of the challenges related to anode materials
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used in Li-ion batteries is to have high stability and a large surface area. These
requirements can be met by using metal organic frameworks (MOFs) as alternatives
to the current anode material used in Li-ion batteries (Goriparti et al., 2014). MOFs are
crystalline porous materials consisting of metal clusters connected by organic linkers.
They usually have high surface areas and large pore volumes, which enable them to
have more available sites for electron transport.

Another source of clean and sustainable energy conversion is a proton exchange
membrane fuel cell (PEMFC). The PEMFC converts chemical energy directly into
electrical energy via the oxidation of H2 to H20 (Steele and Heinzel, 2001). The most
common material used as electrocatalyst in PEMFCs are carbon materials loaded by
platinum (Pt) nanoparticles. High porosity and a large surface area are two important
properties that support materials are required to have in order to enhance the electron
transfer and improve the dispersion of the Pt on the support (Candelaria et al., 2012).
MOFs have recently been used as electrodes/electrocatalysts in electrochemical
energy storage/conversion devices (Ferey et al., 2007) (Zhao et al., 2012). For
instance, they have been considered as electrocatalysts in the fuel cells to reduce the
high cost of platinum group metals (PGM) as well as increase the rate of mass transfer.
However, the poor conductivity of the MOFs (Ferey et al., 2007) (Li et al., 2006) has
not provided a good result for electrochemical devices, hence the carbonisation of
MOFs was suggested to overcome this problem (Morozan and Jaouen, 2012).

Supercapacitors (also known as electrochemical capacitors) are another source of
clean energy that has attracted much attention owing to their long lifecycle, high power
supply, simple principals and high charge generation. The main electrode materials
used thus far for supercapacitors are activated carbons, which have high surface

areas and good electrical properties. Activated carbons usually are produced from
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carbonaceous materials such as nutshells, coal, wood, etc. They often are treated with
different methods and with different agents (such as physical activation with heat
treatment at temperatures around 700 to 1200 °C under an oxidising atmosphere such
as steam or COg2; or chemical activation, which includes heat treatment at lower
temperatures, usually around 400 to 700 °C, followed by an activating agent such as
phosphoric acid, potassium hydroxide, sodium hydroxide and zinc chloride). The
different treatment methods result in carbons with different properties.

Activating carbons enables them to have a porous structure varying between
micropores (0 to 2 nm), mesopores (2 to 5 nm) and macropores (larger than 5nm).
Previous studies have shown that not only the specific surace area is important in the
capacitance of the electric double-layer capacitance (EDLC), but also other properties,
such as pore size and pore shape, can also affect the performance of the EDLCs
(Zhang and Zhao, 2009).

MOF-derived porous carbons are a new class of porous materials, which usually
inherit the highly porous nature of the precursor MOF structure. Hence, they are highly
desirable for application in electrochemical devices. Using electrodes/electrocatalysts
with different pore sizes can generate different performance behaviours in PEMFC
and Li-ion batteries. One of the methods used to increase the performance of these
devices is to control the microporosity of the support material (carbon) of the
electrodes/electrocatalysts. Carbon with a micropore structures provides a larger
surface area, which means there is higher capacity for storing electricity. Liu et al.
(2010a) have investigated the behaviour of electrochemical properties of
supercapacitors using electrodes with different pore size distributions (ranging from

2.9 to 3.9 nm) and surface areas (1141 to 3040 m?/g). They stated that microporous
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systems are most useful in improving the energy density, and mesoporous systems
are beneficial for improving the power density (Liu et al., 2010a).

Xylene is one of the most commonly used solvents in industries, such as in tissue
processing, cover slipping and staining. The chemical formula for xylene is
(CH3)2CeHa. It has three isomers; ortho-, meta- and para-xylene (O-, M- and P-xylene).
The use of xylene is hazardous, thus the removal of this solvent is of great concern.
One of the promising functionality of MOFs is their high adsorption ability. Immersion
calorimetry is a useful technique for measuring the adsorption ability of the materials
by calorimetry.

Immersion calorimetry is a technique for measuring the heat released when a solid
is immersed in a liquid. The measurements can begin when the adsorbate and
adsorbant are in contact. When the surface of the solid is in full contact with the liquid,
the highest value of immersion enthalpy can be measured. Samples need to be
degassed before the measurements are taken, hence the measure enthalpy mainly
corresponds to the accessible surface of the solid and the physical-chemical
interaction between the solid surface and liquid molecules of the liquid immersion
solvent. When the sample has a polar or heterogeneous surface, the enthalpy
corresponds to the accessibility of the surface of the solid sample, or the specific
interaction between the adsorbate and adsorbent surface.

Measuring the heat exchanged between the reactants and the products for different
materials gives different measurements of heat of immersion in various liquids. These
differences are owing to both the available surface area of the materials and the
specific interaction between the solid surface and the liquid.

This research is composed of eight chapters, starting with an introduction, followed

by a background history of the application of MOFs and MOF-derived carbons. The
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experimental methodology is then described, and followed a discussion of the results,

a conclusion, and recommended future works.
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Chapter 2

2 Literature Review

2.1 Metal Organic Frameworks

Also known as porous coordination polymers (Horiuchi et al., 2016), MOFs are a class
of (organic—inorganic) crystalline microporous materials. These materials have an
organic—inorganic structure consisting of metal clusters (inorganic) joined together by
organic bridging linkers. It is possible to have a versatile structure just by changing the
metal cluster or organic linker (Spanopoulos et al., 2015). This feature makes MFOs
unique in terms of their structural properties, and offers the potential for use in different
functionalities. The relatively facile synthesis method of MOFs is one the reasons that
they are a good choice for a variety of applications. Their chemical functionality,
tailored pore structure/size and thermal stability make them suitable for different
applications such as drug delivery, gas storage (Li et al., 2014a), separation (Car et
al., 2006), catalysis (Llabrés i Xamena et al., 2007) and proton conduction (Park et al.,
2006).

Figure 1 illustrates a schematic view of the structure of three different MOFs:
HKUST-1 (formed from Cu(NOs3)2: 2.5 H20O as the metal cluster and 1,3,5-
benzenetricarboxylic acid as the linker), ZIF-8 (made from zinc nitrate coordinated by
2-methylimidazole in the same way, as Si and Al atoms are covalently joined by
bridging oxygen in zeolites), and UiO-66 (consisting of ZrsO4(OH)4 linked by 1,4-

benzodicarboxylic acid linkers).
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Figure 1: The schematic structure of some MOFs drawn by crystal maker software licenced by UCL

Yaghi et al. (1995) were the first researchers who defined the new family of
porous materials denoted by MFO-5 (Morozan and Jaouen, 2012), following its
introduction by Tomic et al. in 1965, and then primary investigations by Hoskins and
Robson (Li et al., 1999).

There is a wide range of methods available to synthesise MOFs, including the
solvothermal (hydrothermal), electrochemical, microwave-assisted,
mechanochemical and sonochemical synthesis methods. Each of these methods are
described below:

« Hydrothermal synthesis: the reactions usually take place in a hydrothermal or
solvothermal medium at a temperature above the boiling point of the solvent
(Rabenau, 1985). Most of the MOFs are synthesised using this method. For
instance, Ferey et al. (2007) synthesised MIL-101 hydrothermally using
chromium salt and benzendicarboxylic acid under autogenous pressure in an
autoclave system.

e Electrochemical synthesis: in 2006, Mueller et al. (2006) for the first time
synthesised Cu-BTC electrochemically. Here, bulk copper plates were used as

anodes and the carboxylate linker (1,3,5-benzenetricarboxylic acid) was
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dissolved in methanol and used as a cathode in an electrochemical cell (Mueller
et al., 2006).

Microwave-assisted synthesis: this method is based on the interaction of
electromagnetic waves and mobile electric charges. These can be polar solvent
molecules or ions in a solution or electron/ions in a solid. Jhung et al. (2005)
used a microwave oven to synthesise MIL-100 with a similar procedure to the
solvothermal method (Jhung, 2005).

Mechanochemical synthesis: in this method, the intramolecular bonds of the
materials are broken down by mechanical forces followed by a chemical
transformation (Stock and Biswas, 2012). Yuan et al. (2010) synthesised H-
KUST-1 by grinding Cu(OAC)2.H20 and H3BTC in a ball mill without adding any
solvents (Yuan et al., 2010).

Sonochemical synthesis: this method is related to the chemical reactions that
take place with the help of applying ultrasound. Jung et al. (2010) synthesised
MOF-117 (Zn4O(BTB)2) by using a sonication bar at 60% power for 40 min,
and after several washings, the MOF was activated under vacuum for 24 h

(Jung et al., 2010).

MOFs that are synthesised using solvothermal methods have shown higher

thermal stability, hence in this study we used the solvothermal method rather than the

other aforementioned methods.

The structure of the MOFs is usually determined by the coordination of the metal

ions and donor atoms of the linker (also called secondary building units). The strong

bond between the metal ions and the linker atoms results in MOFs with a robust

structure with micropores and pore apertures within the framework (usually less than
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2.1.1 Metal organic frameworks as electrocatalysts for fuel cells

Fuel cells, as sources of clean energy, still face some significant challenges such as
increasing their efficiency and power density (Li and Xu, 2013). One of the challenges
in the oxygen reduction reaction (ORR) catalysis (Li and Xu, 2013) for fuel cells
concerns the number of transferred electrons (n). Usually, having four electrons
transferred is the ideal number, as H20 can then be formed as the product. Ma et al.
demonstrated the first application of MOF as a precursor for ORR catalysts in 2011.
They investigated the mechanism of electron transfer by using the rotating ring-disk
electrode (RRDE) technique (number of transferred electrons = n). The n value of the
cobalt imidazole framework activated at 75 °C was in the range of 3.2 to 3.5. The
range was improved to 3.3-3.6 by sonicating the cobalt imidazole in sulphuric acid
before preparing the catalyst ink. The results suggest a dominative four electron
transfer process with a certain peroxide formation (Ma et al., 2011).

Presently, the most common catalyst materials are PGMs. The Cu-based MOF was
synthesised by Li et al. as a non-PGM to be used for an electrode catalyst (Cu-2,2'-
dipyridinbenzene-1,3,5-tricarboxylate). Two good peaks were obtained at ca.-0.15 V
in a phosphate buffer (pH = 6). Li et al (2013) claimed that the positive shift of the
potential for an oxygen reduction reaction (ORR) at the modified MOF compared with
that of the bare graphene electrode showed the electro-catalytic activity of the Cu-
bipy-BTC towards ORR through a four-electron reduction pathway. They believe that
the presence of the iron porphyrin in the assembly of the MOF structure has a crucial
role in the ORR and oxygen transport. Hence, they synthesised graphene metal
porphyrin by the use of pyridine functionalised graphene (G-dye) as a building block

with iron porphyrin. It is possible to increase the porosity of MOFs, and hence the
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performance of the electrochemical charge transfer rate of the iron porphyrin, by

adding G-dye (Li and Xu, 2013).

2.1.2 Metal organic frameworks as precursors for non-precious metal
electrocatalysts

Previous studies have examined efficient, economical and eco-friendly catalysts for
ORR to replace the Pt-based catalysts. Transition metal nitrogen carbon materials (M-
N-C), especially Fe-N-C or Co-N-C, have shown excellent electro-catalytic activity,
and are thus the focus of much research. Some MOF-derived materials, such as
carbon hydrides containing N-doped metal species with homogenous active sites and
nanoporous structures, are gaining increased attention. Li et al. (2013) have shown
the application of ZIF-67 as the precursor for making Co-Nx-C hybrid, and its
application as ORR catalyst in alkaline and acidic electrolytes. They improved the
ORR activity and stability by enhancing the leaching process and the temperature of
the pyrolysis. It is claimed that, in order to have a high-performaning ORR catalyst,
well-dispersed Co-Nx active sites in the nanoporous conductive system are required
(Wang et al., 2014). Xia et al. have also mentioned that the particle size of the ZIF-67
precursor has an important role on the catalytic activity (Xia et al., 2014).

A comparison between the ORR activity of the ZIF-67-derived catalyst with
different particle size precursors has shown that ORR activity and stability increase
with the decrease of the particle size of the crystal (from several micrometers to
300nm). The highest ORR activity has been observed for the ZIF-67 precursor with
the smallest particle size. This phenomenon can be explained by the smallest particles
being able to provide more active sites and easier access to the catalytic centres,

resulting in faster electron transfer.
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Some functionalised Fe-based MOFs can also be used as precursors for
producing non-precious metal catalysts for fuel cell application, as well as Co-based
MOFs. Zhao et al. have reported the use of MIL-88B-NH3 (Fe-based MOF) as a
pyrolytic precursor with a controllable shape and size to improve the non-precious
metal catalyst (Zhao et al., 2014a).

Pyrolysis of MIL-88B-NH3 at 900°C can result in the production of Fe and N co-
doped nanocarbons (Fe/FeN/C). The ORR catalyst Fe/FeN/C has shown a higher
positive onset potential of 1.03V (vs. Reversible Hydrogen Electrode (RHE)) than Pt/C
(.01 V). Also, the diffusion-limited current density of the Fe/FeN/C catalyst is
remarkably higher than that of Pt/C (1.2 times), showing the highest ORR activity
among the non-precious metal catalysts previously reported.

The performance of the ORR has shown that nanocarbons characterised by
porous structures with Fe/FeN active sites can be helpful for both mass transfer and
catalytic conversions during the ORR process. Afsahi et al. (2013) have also used Fe-
based MOFs as the only precursor to prepare a cathode electrocatalyst. After
pyrolysis, acid leaching and heat treatment were applied under NHs at various
temperatures, forming iron-nitrogen containing carbon active sites (Afsahi et al., 2013).

In order to gain more efficient ORR catalysts, the speed of the mass transfer
needs to be increased, resulting in the expansion of the effective space for diffusion
of O2, H2 and electrolytes into the catalysts (Xia et al., 2014) (Proietti et al., 2011). The
MOF precursors have a porous structure, which makes them a good option for making
porous catalysts with high surface areas. However, after carbonisation, the porous
structure of the catalysts usually collapses and produces a non-interconnected,
disordered pore structure, which is not desirable for mass transfer. Hence, the rational

design and fabrication of MOF-derived hybrids as efficient catalysts characterised by
29



highly porous structure with proper three-dimensional interconnected pores for better
diffusion of O2 and Hz to the catalyst are important.

The successful synthesis of N-doped Fe/FesC@graphitic layer/carbon
nanotube hybrid having the MIL-100(Fe) as the precursor was first reported by Li et
al. in 2015 (Li et al., 2015).

The large contents of active sites (Fe/N/C species), electron-conductive graphitic
layers/carbon nanotubes, and unique designs resulted hybrids showing great activities
for oxygen reduction reaction and oxygen evolution reaction.

Xia and co-workers have also reported a new method to prepare new Co@Co0304@C
core is situ capsulated into a highly ordered porous carbon matrix using Co-MOFs.
(Xia et al., 2015). Converting the Co (the metal cores) to Co@Co304 particles and
transforming organic ligands to porous graphitic carbon, resulted to both improving the
electron transfer between Co@Co0304 nanoparticles and porous carbon matrix, and
making the removal of the active particles from the matrix support more difficult.
Moreover, the three-dimensional interconnected pore structures of the carbon matrix
provide improved pathway for the electrolyte and the oxygen compared to the catalyst
prepared from pure MOFs crystals. Wei et al (2015), have also reported design of a
new hybrid having graphene oxide-supported Co-MOFs particles (Wei et al., 2015)

“In addition, Co-MOFs were converted to functional carbon materials with a highly
specific surface area, nanoporous structure and nitrogen-doping carbon framework.
As a result, this kind of N/Co-doped porous carbon@GO composite with the
remarkable features of the porous carbon structure, N/Co doping effect and the
introduction of graphene support led to triple electrocatalytic activities for ORR,

hydrogen evolution reaction (HER), and OER. Additionally, the good interaction
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between the N/Co-doped carbon and graphene support make a catalyst composite

with superior durability and excellent methanol tolerance” (Zhao et al., 2016).

2.1.3 Metal organic frameworks for lithium-ion batteries
Ferey et al. (2007) used MOFs as rechargeable intercalation electrodes by applying
MIL-53(Fe) with higher oxidation state metals. They used an MOF mixed with 15 wt.%
carbon as the positive electrode and Li-foil as the negative electrode (Ferey et al.,
2007).

Recently, Shin et al. (2015) tested the applicability of two Fe-based MOFs: MIL-
53(Fe) and MIL-68(Fe). In the Li-ion battery systems, they found that both MIL-53 and
MIL-68 have good electrochemical reversibility, with MIL-53 showing better
reversibility compared to MIL-68. Before that, they tested the applicability of MOF-177,
but the poor performance of MOF-177 prevented them from further investigation. They
also evaluated the performance of MIL-101(Fe), but the redox chemistry (Fe?*Fe3*)

was found not to be completely reversible, similar to the MOF-177 (Shin et al., 2015).

2.1.4 Metal organic frameworks as electrodes for supercapacitors
Supercapacitors, are one of the promising energy storage devices, having high-power
energy and life cycle. There are two different kinds of supercapacitors; Electrical
Double Layer Capacitance (EDLC) and Pseudocapacitive. EDLC, usually uses carbon
materials with high surface area and porosity. Which have low energy densities and
the charges physically stored. Pseudocapacitive on the other hand, have higher
energy density use transition metal oxide and sulphides as active materials.

Here, MOFs and MOF-derived nanomaterials offer great potential in the application of

supercapacitors because of their high surface areas, and controllable pores and
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nanostructures. MOFs can also be good templates for the preparation of metal oxides
and porous carbons.

Diaz et al (2012) reported the first use of Cos-MOF-5 (Zn3.68Co 0.320
(BDC)3(DEF)o.75) as an electrode for EDLCs (Diaz et al., 2012). later, Lee et al (2012),
developed another Co-MOF film with good pseudocapacitive behavior having a
specific capacitance up to 206.76 F g (Lee et al., 2012). Lee et al (2012), has
presented more research by using Three organic ligands with different molecular
lengths to modify the pore size of Co-based MOFs, in which the MOF with the longer
organic linker ([Co(bpdc)(H20)2]H20, bpdc¥44,4- biphenyldicarboxylic acid) had larger
pores, larger surface area, and the highest capacitive properties. The improvement of
the electrochemical performance can be due to the continuously interconnected
leaflet-like microstructure with fewer structural interfaces (Lee et al., 2013).

In another research, Yang et al (2014) applied a layered structure Ni-based MOF
as an electrode material for supercapacitors for the first time and obtained a large
specific capacitance, high rate capability of 1127 and 668 F g at rates of 0.5 and 10
A g1, and cycling stability (Yang et al., 2014). More recently, another Zr-based MOF
(UiO-66) has been synthesised at different reaction temperatures, resulting in different
particle sizes and degrees of crystallisation (Tan et al., 2015). The sample obtained at
a low temperature (50 °C) had the smallest particle size and highest specific
capacitance of 1144 F g at a scan rate of 5 mV s. Yaghi’s group designed a series
of 23 different MOFs with different structure types such as MOF-5, nNi-MOF-74,
NHKUST-1, nMOF-177, nUiO-66 and nMOF-867. Among these, the zirconium MOF
(nMOF-867) exhibited stack and areal capacitances of 0.64 and 5.09 mF cm times

that of commercial activated carbon (Choi et al., 2014).
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“Due to the low conductivity of MOFs, an effective strategy was developed to
interweave MOF crystals with conductive polyaniline (PANI) chains (Wang et al.,
2015). Interestingly, they further developed flexible solid-state supercapacitors using
PANI-ZIF-67-CC as electrode, with a gel electrolyte serving as a separator. They also
used these devices to power small electronic devices, such as a light-emitting-diode.
These MOF-based solid-state supercapacitors show great potential for flexible and
wearable electronics” (Wang et al., 2015).

“As seen in the above discussion, MOFs can be used as electrode materials for
supercapacitors. With the rational design of metal ions, organic linkers and reaction
conditions, MOFs with controllable particle and pore size can achieve satisfactory
electrochemical properties. However, studies of MOFs directly in supercapacitors are

still at an initial stage and more exploration is needed” (Zhao et al., 2016)

2.2 Metal Organic Framework-Derived Porous Carbons

The organic part of MOFs predominantly consists of carbon-based materials, which
enables them to be an ideal template for the carbonisation process. The other main
part of MOFs is the metallic species. Hence, in order to obtain high surface area
carbons, it is important to remove all the metallic parts in the carbonisation process.
The first study of the direct carbonisation of porous coordination polymers with the
extremely large surface area of 5000 m? g and the pore volume of 4.3 cm® g was
reported by Yamuachi et al. in 2012 (Hu et al., 2012). They also reported that the
carbonisation temperature plays an important role in the large surface area and pore
volume. There are different methods of obtaining carbons from an MOFs precursor: 1)
direct carbonisation of MOFs, which is pyrolisation of MOFs at a temperature higher

than the boiling point of the metallic parts of the MOFs; 2) direct carbonisation followed
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by chemical washing in which, after pyrolisation, the pyrolised MOF is treated with an
inorganic solvent, such as, KOH, HCL, furfuryl alcohol, glucose, phenolic resin or
ethylenediamine to remove all the metallic species in the MOF structure; and 3)
introducing a secondary source of carbon into the pores of the MOF precursor (Yuan
et al., 2009) (Radhakrishnan et al., 2011) Hu, 2010). These carbon sources can be;
furfuryl alcohol (Jiang et al., 2011), fufuryl or some other carbon-based organics such
as glycerol, carbon tetrachloride, ethylenediamine and phenolic resin (Zhao et al.,
2016).

Nanoporous carbons (NPCs) are gaining more attention nowadays due to their
unigue properties such as high specific surface area, tuneable pore size distribution,
good chemical resistance, and so forth (Torad et al., 2014). There have been various
methods to synthesise porous carbons using versatile templates such as olive seeds,
almond shell, date seeds, MOFs, etc.

MOFs can be used as templates for making NPC or other porous materials,
and also as electrodes in electrochemical energy conversion devices (Amali et al.,
2014b). The functionality of MOFs as a template NPC was first studied by Liu et al.
(Bo Liu, 2008). In their experiments, furfuryl alcohol was introduced into the pores of
MOF-5 as a carbon precursor and then carbonised at 1000 °C for 8 h under argon
flow. The resulting porous carbon was called NPC, with the Brunauer—-Emmett-Teller
(BET) surface area and pore volume of 2872 m?2g! and 2.06 cm? g respectively (Liu
et al., 2010a).

Different pore structures can be obtained by choosing a specific template for
carbonisation; they are usually treated later by KOH to wash out the metal source and

gain tuned pore structures and textures.
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Zhang et al. (2014) used ZIF-7 (zeolitic imidazolate framework-7) to derive
porous carbon. Glucose was used as a carbon source and calcined at 950 °C for 5 h
under argon atmosphere. The obtained BET surface area and micropore volume were
783 m?2g?t and 0.37 cm3 g, respectively (Zhang et al., 2014b).

Amali et al. (2014) synthesised ZIF-8 by applying sonication to yield pores with
a wider range of porosity (micro- and mesopores) and carbonised ZIF-8 at 800 °C
(Figure 2). The obtained carbon was called AS-ZC-800 (activated and sonicated-ZIF-
8-derived carbon at 800 °C), with a BET specific surface area of 2972 m?g* and a
pore volume of 2.56 cm3 g (Amali et al., 2014b).

Torad et al. (2014) heated ZIF-67 under argon atmosphere at 600 °C and 800
°C for 5 h to obtain Co/NPC-600 and Co/NPC-800. The BET surface area and total
pore volume of Co/NPC-800 were 345 m? g and 0.25 cm® g?, and for Co/NPC-600
they were 352 m?g? and 0.24 cm3 g%, respectively (Torad et al., 2014).

Table 1 shows the specific capacitance at different sweep rates for
supercapacitors based on various MOF-derived carbons with 1.0 M H2SO4 solution as

the electrolyte.

Table 1: Specific capacitance at different sweep rates for supercapacitors based on various AS-ZC-(Amali et al.,
2014b)

Sweep rate Specific capacitance(F/g)
(mVS?) ZC-800 S-ZC-800 A-ZC-800 | AS-zC-800
10 104 158 170 211
20 96 148 165 210
50 63 136 155 208
100 - 116 141 206
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Zn2* + MelM ZIF-8
[MeOH| Ultrasonication &8 ¢ Hierarchically
Porous Carbon

Figure 2: Preparation of hierarchically porous carbons (Amali et al., 2014b)

Shi et al. (2014) also used ZIF-8 to derive porous carbon. They carbonised ZIF-8
by direct carbonisation at 950 °C in nitrogen atmosphere. The calculated BET surface
area and total pore volume for the obtained porous carbon were 1913 m? g* and 0.84
cm?® g, respectively. The XRD pattern, nitrogen-sorption isotherm and the
corresponding NL-DFT pore size distribution of the ZIF-8-derived carbon are illustrated

in Figure 3 (Shi et al., 2014).

d)

b)

Intensity (a.p)
/:
N
dv/d (D) (CM®/nm/g)

= &

26idegree T i 7  Pore diameter (nm)

Intensity (a.p)

Relative Pressure (P/Po)

Figure 3: XRD pattern (a), the corresponding NL-DFT pore size distribution (b), and nitrogen-sorption isotherm (c)
of ZIF-8 derived carbon (Shi et al., 2014)
Hu et al. (2010) made use of different approaches to obtain porous carbon using

MOFs, specifically MOF-5, as a template. In the first approach, they used direct
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carbonisation of MOF-5 at 873 K (599.85 °C) for 6 h and then increased the
temperature to 1173 K (899.85 °C) for another 6 h, and denoted the obtained carbon
as MC. In the second approach, they used phenolic resin as an extra carbon precursor,
heated the mixture of MOF-5 and phenolic solution at 473 K (199.85 °C) for 2 h, at
873 °Cfor 4 h, and at 1173 °C for 2 h. They denoted the obtained carbon as PMC. In
the third approach, they used carbon tetrachloride and ethylenediamine as the
additional carbon sources as well as MOF-5 as both template and precursor. First,
they stirred the mixture of MOF-5 in a solution of carbon tetrachloride and
ethylenediamine at 363 K (89.850 °C) overnight, and then they heated it at 373 K for
6 h, at 873K for 6 h, and at 1173 K for another 6 h. They denoted the obtained carbon
MAC. All the samples were activated with KOH at 973 K for 3 h under argon flow,
denoted MC-A, MPC-A and MAC-a, respectively. A summary of the BET surface area
and pore volume of the these samples is illustrated in Table 2, and the nitrogen-
sorption isotherm and NL-DFT pore size distribution is illustrated in Figure 4 (Hu et al.,

2010).
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Figure 4: Nitrogen adsorption-desorption isotherms (a, ¢) and DFT pore size distributions (b, d) of the porous

Table 2: Texture parameters of samples of MC, MPC, MAC, MC-A, MPC-A and MAC-A (Hu et al., 2010)

carbons (Hu et al., 2010)

Samples 2 Sget (M?/Q) bV (Cm3/g) ¢ Vmicro (CmM3/Q)
MC 1812 2.87 0.92
MPC 1543 2.49 0.89
MAC 384 0.13 0.15
MC-A 1673 1.33 0.68
MPC-A 1271 1.92 0.59
MAC-A 2222 1.14 1.01

method

b: Virepresented the total pore volume

C: Vmicro represented the volume of micropore

a: the specific surface area (Sger) was calculated by the Brunauer-Emmet-Teller

According to Hu et al. (2010), the electrochemical performance of the resultant

carbon materials was investigated both in agueous and organic electrolytes. Carbons

with developed mesoporous networks showed high-rate performances, with high

capacitance retention ratios. The largest capacitances of 271 and 156 F g?, as well
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as the highest energy densities on a gravimetric basis of 9.4 and 31.2 Wh kg, were
obtained over MAC-A in aqueous and organic electrolytes. When the energy and
power densities were calculated on a volumetric basis, the highest volumetric power
density in an aqueous electrolyte was 2.4 kW L for MAC-A at a discharging time of
10 s, and the highest volumetric power density in organic electrolyte was 5.0 kw L*
for MPC at a discharging time of 10 s (Hu et al., 2010).

A brief summary of the research studies on carbonisation is given in Table 3.
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Table 3: Summary of carbonisation studies

Final BET surface
MOF carbonisation area (m?/g) and/
Researcher/date Method
precursor | temperature/Tim pore volume
e (h) (em?®/g)
Xu et al. (2015) Acid wash with ZIF-8 800 1302 *1
HCI
Chemical
Liu et al. (2010) activation-washed MOF-5 1000/8 2872/2.06
with furfuryl
alcohol
Chemical
Zhang et al. (2014) | activation-washed ZIF-7 950/5 783/0.37
with glucose
Amali et al. (2014) Direct ZIF-8 800 2972/2.56
carbonization
Torad et al. (2014) Direct ZIF-67 800/5 352/0.24
carbonization
Shi et al. (2014) Direct ZIF-8 950 1913/0.84
carbonization
Direct 599.85/6 1812/2.87
carbonization
Chemical
activation washed 1173/2 1543/2.49
with phenolic
resin
Hu et al. (2010) MOF-5
Chemical
activation washed
with carbon 1173/2 384/0.13
tetrachloride and
ethylenediamine
Chemical
Hao et al. (2014) activation- ZIF-11 1000/4 -

washed with KOH

1 No pore volume has been reported.




Kai Xi et al. (2013) investigated the carbonisation of four different MOFs (room
temperature synthesised MOF (RT-MOF-5), solvothermally synthesised MOF-5
(solvo-MOF-5), ZIF-8, and [Zns(fumarate)s(DMF)2] (Zn fumarate)) all based on zinc
metal, and used them as a conducting host for encapsulating sulphur in a Li-S battery.

Figure 5 illustrates the carbonisation process of MOFs (Xi et al., 2013).

MOF precursor Hierarchically Sulphur/hierarchically
porous carbon porous carbon composites

Figure 5: Scheme of sulphur-hierarchical porous carbon composite preparation (Xi et al., 2013)

Xu et al. (2015) used ZIF-8 to reach porous carbon via a similar process; they first
preheated ZIF-8 crystals under nitrogen flow for 3 h and then increased the
temperature from 150 °C to 300 °C for a further 2 h, and then increased and
maintained at 800 °C for 4 h to reach ZIF-8 carbon black powder (ZIF-8C). After the
carbonisation, the residual zinc was washed out by using HCI (35 wt.%). They showed
the increase in the specific surface area carbon-derived ZIF-8 compared to the ZIF-8
precursor by measuring the surface area via BET; it increased from 949 m?g to 1302
m?g? (Xu et al., 2015). Figure 6 illustrates the nitrogen-sorption isotherm for ZIF-8 and

ZIF-8C.
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Figure 6: Nitrogen adsorption—desorption isotherms of (a) ZIF-8 and (b) ZIF-8C (Xu, 2015)

Hao et al. (2014) used another family of ZIFs to obtain MOF-derived carbons. N-

PCMPs were synthesised by the direct carbonisation of ZIF-11 in a vacuum furnace

at 1000 °C for 2 h with a heating rate of 5 °C/min, under a flow of nitrogen gas. Figure

7 illustrates the morphology structure of ZIF-11 and N-PCMPs. In the next step, they

treated the N-PCMPs with solid KOH and then heated it at 750 °C for 1 h under

nitrogen flow. They soaked the sample in HCI (1M) overnight and washed it thoroughly

with DI water, and finally activated it at 60 °C under vacuum, and named it N-PCMP-

A (Hao et al., 2014).
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Figure 7: SEM images of ZIF-11 (A, B), N-PCMPs (C, D) and N-PCMPs-A (E, F) (Hao et al., 2014)

2.2.1 Metal organic framework-derived carbon as metal-free
electrocatalysts
MOF-derived carbons have been widely investigated by many researchers (Zhao et
al., 2014b) (Zhang et al., 2014a). Zhang et al (2014) reported the highly graphitic
nitrogen-doped graphitic porous carbons (NGPCs) derived from ZIF-8. “In a rapid
carbonisation process, ZIF-8 worked as both the carbon and nitrogen sources and
resulted in the NGPCs product not only retaining the morphology of the parent MOFs,
but also possessing rich nitrogen, a large surface area and well-conducting

network”(Zhang et al., 2014a). Zhang et al (2014) believed that time and temperature
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of the carbonization plays crucial role in the electrochemical property of the NGPCs.
The carbonized sample at 1000 °C and 10 h (NGPCs-1000-10), resulted high current
density of 4.3 mA cm?, good ORR performance and oxygen reaction onset-potential
of 0.02 V (vs. Ag/AgCl), which is just 40 mV negatively shifted compared to that of
Pt/C. Zhang et claimed that “The outstanding electrocatalytic activity of this metal-free
catalyst is attributed to the synergetic contributions of abundant graphitic-N active
sites, large surface area and high degree of graphitisation”. (Zhang et al., 2014a)

A second source of carbon had to be introduced to the MOFs framework in order
to achieve the in situ nitrogen-doped porous carbon with a large surface area and
narrow pore size distribution(Yang et al., 2014) Glucose was used as the second
source of the carbon by infiltration into the pores of the MOFs’ precursor zinc-
benzimidazole (ZIF-7) after carbonisation at 950 °C for 5 h, the proposed nitrogen-
doped porous carbon was synthesised. Adding the glucose not only improved the
graphitisation degree, but also helps the removal of Zn metal and Zn compound
impurities from ZIF-7, which produces a metal-free electrocatalyst for fuel cells. The
bets ORR activity with the onset-potential of 0.86 V (vs. RHE) and almost four-electron
selectivity (the electron transfer number is 3.68 at 0.3 V) in Oz-saturated 0.1 M KOH
in comparison with ZIF-7 derived carbon was achieved by mixing ZIF-7 and glucose
precursors in liquid phase which is the closest one to the commercial Pt/C. These
nitrogen-doped carbons also have better methanol tolerance and stability in
comparison with commercial Pt/C. Carbon source composites and MOFs with nitrogen
in their structure can be used as template to make nitrogen-doped porous carbon as
efficient electrocatalysts for ORR, due to their graphene-like morphology, high BET-
specific surface area, and high porosity (Yang et al., 2014).”In order to develop more

active sites on the MOF-derived nanostructured carbon, some heteroatoms (e.g. N, S,
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P) can be designed doping on the MOF carbon materials, which will contribute to their
electrocatalytic activity” (Yang et al., 2014). After carbonisation of MOF-5 at 900 °C
for 5 h, nitrogen and sulphur co-doped nanoporous carbon (N, S-MOFs-C) can be
synthesised, where the MOF-5 is used as the template for the carbon source, nitrogen
originates from urea and dimethyl sulfoxide (DMSO) is the source of the sulphur (Yoon
and Moon, 2015) (Li et al., 2014b). It was revealed that the heteroatom-co-doped N,
S-MOFs-C as an electrocatalyst could reduce oxygen at the relatively high onset-
potential of 0.005 V (vs. Ag/AgCI) in Oz-saturated 0.1 M KOH solution and with a 3.8-
electron transfer pathway, which is owing to the synergetic effect between active sites
of heteroatoms N, S and C (C-Nx, C-Sx). In terms of long-term durability and
methanol resistance ability, N, S-MOFs-C F exhibits good selectivity for ORR and
outperforms the commercial Pt/C in the presence of methanol. By fabricating the
MOFs precursors with nitrogen-containing ligands, the self-nitrogen doped
nanocarbon can be arrived at after MOFs carbonisation. Generally, it should be noted
that the incorporation of MOF-derived nanocarbon into the one-dimensional carbon
nanotubes or two-dimensional graphene can significantly enhance the surface
polarity, electrical conductivity and electron-donor tendency of the nanocarbon,
resulting in an enhanced performance in the applications, especially in fuel cells
electrocatalyst (Yang et al., 2014)

Yoo et al (2014) described a method to coat MOFs homogeneously, on the outer
surface of carbon nanotubes(CNTSs) (Yoo et al., 2014). They formed the MOF-based
continuous layers on the CNTSs, by just changing the concentrations of the MOFs in
MOFs/CNTs composites. Also, in 2015 Ge et el, synthesised a new ORR
electrocatalyst based on N-containing nano-carbon produced from an in situ grown

ZIF-8/CNTs composite (Ge et al., 2015). “This strategy delivered high-performance
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electrocatalysts by taking advantage of the merits of these interacting materials. The
CNTs were applied as a high conductivity skeleton in the final electrocatalyst with N-
nanocarbon decoration, leading to abundant catalytic sites on the CNTs’ skeleton. The
excellent affinity between the continuous thin N-nanocarbon layer and the CNTS’
skeleton contributed to high ORR electrocatalytic activity and superior stability in the
alkaline electrolyte”(Yang et al., 2014).

Wei et al (2014) has investigated the incorporation of an ultrathin layer of
nanoporous carbon, in particular, nitrogen-doped nanoporous carbon, on graphene
surfaces as ORR electrocatalyst (Wei et al.,, 2015) It was demonstrated that the
combination of a nanoporous carbon thin layer on the graphene led to the formation
of a N-nanocarbon/graphene/N-nanocarbon sandwich-like structure (as shown with
functionalisation, high specific surface area and good electrical conductivity, all of
which contribute to fast mass transport and electron transfer required by ORR. During
an oxygen reduction process, graphene acts as a conductive layer to accelerate the
electron transfer in the carbon matrix and allows it to readily reach the catalytic layer.
The high specific surface area and nanoporous structure of N-nanocarbon/graphene
nanosheets facilitate the fast transport of reactants to the active sites and the removal

of corresponding products due to the short transport pathway (Zhao et al., 2016).

2.2.2 Metal organic framework-derived materials as anodes for lithium-ion
batteries
Regarding the alloying-type anode materials of Li-ion batteries, one of the most
serious problems is their large volume change during electrochemical cycling. An
alternative strategy is to use porous materials as anodes, or introduce coating layers

as a buffering matrix, including a porous carbon, carbon nanotube, graphene or
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polymer. MOFs are regarded as a new kind of ideal matrix for anodes. Wei’'s group
used ZIF-8 as the coating layer on the surface of Zn2SnO4 (ZTO) nanoparticles to form
a core/shell structure of ZTO/ZIF-8 nanocomposites(Wei et al., 2015). The
electrochemical results indicate that the thin ZIF-8 coating layer can effectively
enhance the performance of the composites by accommodating the drastic volume
expansion of the electrode. Furthermore, MOFs are excellent precursors for the
synthesis of mesoporous carbons after pyrolysis, as stated in a recent work by Han et
al. (Han et al., 2015). To date, the commercial anodes for Li-ion batteries mainly focus
on carbon-based materials due to their stable properties. Several novel carbon
materials have been developed, including mesoporous carbon, graphene, and carbon
nanotubes with higher reversible capacities than commercialised graphite (Zhao et al.,
2015). As discussed above, MOFs are considered excellent reactive precursors for
the synthesis of NPC materials. Regarding the organic components, heteroatoms such
as sulfur, phosphorus, boron and nitrogen generally exist, which makes direct

pyrolysis of MOFs an effective way of producing heteroatom-doped carbon materials.

Zhang et al (2014) reported nitrogen-doped graphene particle analogues with a high
nitrogen content of 17.72 wt.%, which were directly derived from pyrolysis of a
nitrogen-containing ZIF-8 (Zheng et al., 2014). Interestingly, this novel carbon anode
achieved a capacity of 2132 mA h g after 50 cycles, which can be attributed to the
nitrogen-doped hexagonal lattice and edges. Thus, it can be useful to control the type
and concentration of heteroatoms by choosing different organic components or
additional surfactants with alternative heteroatoms. Furthermore, the ZIF-8-derived
microporous carbons have also been tested as anode materials for sodium-ion

batteries, and exhibit considerably higher capacity and better reversibility than
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mesoporous carbon (CMK-3) (Qu et al., 2014). It is believed that the small pore size

of ZIF-C can significantly reduce decomposition of the electrolyte.

Aside from carbon materials, MOFs have also been widely studied as precursors for
metal oxides, carbon/metal composites and mixed transition metal oxides. In 2000,
Xu's group first reported an MOF-precursor route for the preparation of C030a4
nanoparticles with an average diameter of around 250 nm, which is converted from
cobalt-MOFs (Co3(NDC)3(DMF)4) via a pyrolysis method in air (Liu et al., 2010b). The
agglomerated Co304 nanoparticles favoured improved cycling and rate capability as
Li-ion battery anodes. In another study, mesoporous nanostructured CoszOs4 was
prepared by the direct pyrolysis of MOF-71 ([Co(bdc)(DMF)]), in which the as-prepared
mesoporous Cos304 showed high specific surface area, reasonable pore volume and
small crystallite size (Spanopoulos et al., 2015). The capacity of the porous Co3z0O4 was

913 mA h g after 60 cycles at a current rate of 200 mA g.

2.2.3 Metal organic framework-derived carbon for supercapacitors
In 2010, Liu’s group first employed zinc-based MOF-5 as the template NPC to be
used as an electrode material for EDLCs (Liu et al., 2010a). The as-synthesised NPC
exhibited a high surface area of 2872 m? g! and excellent electrochemical
performance for an EDLC. The specific capacitance was maintained at 258 F g1, even
at a current density of 250 mA g*. In addition, the influence of the carbonising
temperature of MOF-5 from 530 to 1000 °C on the specific surface area, pore size
distribution and electrical conductivity were studied (Liu et al.,, 2010a). The porous
carbon derived from MOF-5 at high temperatures demonstrated ideal electrochemical
performance owing to its high mesoporosity and good electrical conductivity. In their

work, furfuryl alcohol was used as the carbon precursor introduced into the pores of
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MOF-5 by means of furfuryl alcohol vapour. In another work, phenolic resin, carbon
tetrachloride, and ethylenediamine were chosen as the carbon precursors to adjust

the texture and structure of MOF-5, resulting in different pore structures (Hu, 2010).

All the porous carbons were investigated in both agueous and organic electrolytes for
electrochemical performance. The as-developed mesoporous network carbons
showed excellent performance and high capacitance retention ratios, with
capacitances of 271 and 156 F/g, as well as gravimetric energy densities of 9.4 and
31.2 Wh/kg in aqueous and organic electrolytes, respectively. Zeolite-type MOFs have
also shown great potential for the synthesis of porous carbons (Salunkhe et al., 2014)
(Hao et al., 2015); (Zhong et al., 2015) (Chen et al., 2013). NPC can be achieved
through the direct carbonisation of ZIF-8 at different temperatures (Salunkhe et al.,
2014). With increasing annealing temperatures, the surface area and micropore
volume increases. When evaluating the electrochemical performance of the obtained
samples in 0.5 M H2S04 aqueous solutions, their capacitances were obviously
enhanced with better carbonisation at higher temperatures (Chaikittisilp et al., 2012).
Another work selected furfuryl alcohol as the additional carbon source for ZIF-8, in
which an unexpectedly high surface area of 3405 m?g* was achieved, along with good
specific capacitances of 200 F g at a current density of 250 mA g when used as an
electrode material for EDLCs (Jiang et al., 2011). Additionally, different carbon
sources, such as glucose, ethylene glycol, glycerol and furfuryl alcohol have been
introduced into ZIF-7, in which the glucose modified ZIF-7 delivered the best specific
capacitance (228 F g* at 0.1 A g1), high rate capability (178 F g** maintained at 10 A
g1) and good cycling stability (94% capacitance retention over 5000 cycles) (Zhang et

al., 2014b). It was proposed that the glucose-derived carbon helped to remove residual
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Zn impurities, prevent the formation of macropores and created graphene-like
structures that further contributed to the electrochemical performance (Zhang et al.,

2014b).

Based on the importance of the pore’s influence, some studies have focused on the
design of the specific structure of porous carbon frameworks (Yu et al., 2014) (Amali
et al., 2014a). Three-dimensional hierarchical porous carbon frameworks with micro-,
meso-, and macropores have been prepared by carbonisation of ZIF-8 synthesized by
ultrasonication (Amali et al., 2014a). In this case, the interconnected tiny pores within
larger ones are beneficial to buffer ions in order to shorten the diffusion distances of
the electrolyte to the interior surfaces, further enhancing ion mobility and charge
storage (Amali et al., 2014a). Another similar result has been reported by Yu et al. (Yu
et al.,, 2014). In this study, silica colloids were embedded in the precursor and
incorporated inside or between aggregated crystals. After an annealing process and
removal of silica, mesopores were produced, along with the formation of micropores
from intrinsic ZIF-8. The hierarchical porous carbon exhibited high capacitance, low

resistance and good capacitance retention (92—97%) after 2000 cycles.

In order to combine the properties of individual ZIF-8 and ZIF-67 MOFs, core-shell
ZIF-8@ZIF-67 nanocomposites have been designed by applying a seed-mediated
growth technique (Tang et al., 2015). After thermal treatment of ZIF-8@ZIF-67
crystals, the authors obtained functionalised nanoporous hybrid carbon materials
consisting of nitrogen-doped carbon as the cores from ZIF-8, and highly graphitic
carbon as the shells from ZIF-67. As a result, the hybrid carbon material combines the
advantageous properties of the individual nitrogen-doped carbon and graphitic carbon,

exhibiting a specific capacitance of 270 F g.
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2.3 Immersion Calorimetry

Xylene isomers are commonly used in industry, especially in the petrochemical
industry. P-xylene is one of the main elements of the manufacturing of polyethylene
terephthalate, or polyester. However, the close boiling point of these isomers makes
the separation process very challenging. One method to overcome this problem is to
separate them through the adsorption process. Calorimetry is a technique for
measuring the heat of a chemical reaction or heat capacity as well as physical changes
(Moreno-Pirajan et al., 2012). The word calorimetry consists of two words: calore,
which means heat, and meter, which means measuring. The adsorption calorimetry
usually occurs during immersion or physical adsorption. Below, different types of

calorimetry instruments are discussed.

2.3.1 Reaction calorimeters
This is the standard instrument for measuring the heat of industrial processes. This
instrument measures the adsorbed or released heat from the reaction inside the

calorimeter.

2.3.2 Bomb calorimetry
This instrument is usually used for measuring the heat of combustion of a specific
reaction. This instrument has to cope with strong pressure while the reaction is being
measured. The first step is to burn the fuel, which requires electrical energy. This
energy is used to heat the air around the fuel. Consequently, the air expands and while
going out of the calorimeter flows through the water. This process results in the change
in the temperature of the water. From this change of heat, the energy inside the fuel
can be calculated. In the modern design of this equipment, fuel is pressurised by the

excess of pure oxygen. Before the electrical charge begins, the fuel is immersed in the
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known amount of water and the temperature is measured. After the electrical charge
is set up, the temperature is again measured and the change of temperature is
calculated. Depending on the heat capacity of the metal bomb parts, the bomb factor
can be variable. This factor is then used to determine the energy released from the

burning fuel.

2.3.3 Differential scanning calorimeter
The differential scanning calorimeter uses a different method to measure the heat flow.
This instrument compares the heat flow going to the sample (which is usually inside
an aluminium capsule or pan) with the heat flow into the empty reference pan. In a
heat flux differential scanning calorimeter, both pans are settled on a piece of material
with a specific heat resistance. This part needs to have a solid design in order to
provide a steady heating rate to increase the temperature of the calorimeter

The heat flow into the sample is provided by conduction during the measurements
and, since the pan with the sample has a larger heat capacity, the heat flow of the
sample will be greater as well. The difference of the heat flow between the two pans
provides a small heat difference across the slab, which can be determined using a

thermocouple. From this measurement, the heat capacity can be calculated.

2.3.4 Isothermal titration calorimeter
This instrument is mainly used in the field of biochemistry. The isothermal titration
calorimeter determines the energy of biochemical reactions at a constant temperature
(Freire et al., 1990). When the chemical composition of a sample changes (by the
titration of the appropriate reactant), the reaction begins. In an isothermal titration
calorimeter, the heat of the reaction is determined by measuring the adsorbed or
released heat during a biomolecular binding event. In isothermal titration calorimeter
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experiments, the concentration of the anonymous reactant can be measured by
applying a standard concentration of a different reactant that can react chemically with
the unknown reactant. This technique is especially useful for drug discovery studies

(Rajarathnam and Rdsgen, 2014).

2.3.5 X-ray micro calorimeter
Mitsuda et al (2007). have reported the application of micro calorimetry in x-ray
spectroscopy. When the x-ray photons are adsorbed on the material, heat pulses are
generated, based on the amount of the photon energy created and the temperature
increase, and the detector of the x-ray micro calorimetry senses this heat. There is a
thermometer inside the micro calorimeter, which can determine the temperature
change of the heat capacity of the adsorbed incident photons in x-ray range and
ultraviolet visible, or even near-infrared, ranges. The first application of this technique
was in the spacecraft orbiting x-ray observatory Suzaku/Astro-E2 launched in July

2005 (Mitsuda et al., 2007).

2.3.6 High-energy particle calorimeter

In particle physics, a calorimeter is a component of a detector that measures the
energy of entering particles.
In the immersion calorimetry technique, the amount of heat exchanged when a solid
is immersed in the liquid is measured. The heat of immersion is related to the
adsorption of a layer of the liquid on the surface of the solid. The maximum value can
be obtained when the interface of solid—liquid is formed during measurements when
the surface of the solid is completely free.

Prior to the experiments, a solid surface needs to be outgassed under a
vacuum. When the solid surface is outgassed under a vacuum before the
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measurement, the enthalpy of immersion mainly depends on the surface area
available for the adsorbate, but also on the physical-chemical interactions between
the solid surface and the vapour molecules of the liquid immersion compound. In the
case of polar or heterogeneous surfaces, the heat of immersion has two contributions:
the accessibility of the immersed liquid to the solid surface and the specific interactions
between the solid surface and the adsorbate molecules.

We hypothesise that optimised microporosity of the electrocatalyst support as well
as electrode material can lead to improved performance of the electrochemical

devices and can also improve the separation ability of the MOFs.

Aim and Objectives
In this project, we aim to understand the effect of the microporosity on the performance
of the PEMFC and supercapacitors, and develop knowledge to improve their
performance by optimising the microporosity, as well as evaluating the adsorption
ability of the MOFs for the separation of xylene isomers. Overall, this project involves
the synthesis of MOFs and nanostructured carbons with controlled microporosity using
MOFs as the sacrificial template, and evaluating their applications in xylene separation
and electrochemical devices respectively.
The specific objectives of this project are:

e To synthesis and characterise different MOFs with different pore size

distributions;
e To prepare samples for the immersion calorimetry measurements;
e To evaluate the separation ability of the MOFs with respect to the pore size and

pore shape of the MOFs;
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To carbonise the synthesised MOFs under inert atmosphere and characterise

the carbonised MOFS;

To prepare Pt loaded electrocatalysts from MOF-derived carbons and use them

in PEMFC;
To prepare electrodes for supercapacitors from the carbonised MOFs; and
To evaluate the performance behaviour of the fuel cell and supercapacitors with

respect to the varying microporosity of the electrocatalyst/working electrode.
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Chapter 3

3 Methodology

The main purpose of this study is to synthesise and characterise MOFs and MOF-
derived carbons, evaluate their adsorption ability and assess performance of the
PEMFC and Li-ion batteries affected by the microporosity of the electrocatalysts and
electrodes. The first step in evaluating the electrochemical behaviour of the MOF-
derived carbons is to control the porosity of the carbons used in the electrode. In order
to control the pore size distribution of MOF-derived carbons, three different MOFs (with
pore sizes ranging from 11 to 25 (A)) were selected and synthesised under
solvothermal conditions. Thereafter, these synthesised MOFs were characterised by
BET and PXRD, then they were carbonised and characterised with BET and energy
dispersive X-ray spectroscopy. Finally, their electrochemical behaviour was evaluated
in PEMFC and supercapacitors by measuring their specific capacitance.

This chapter consists of eight main sections. Sections 3.1 and 3.2 describe the
selected MOFs and MOF-derived carbons. Section 3.3 describes the synthesis of
different MOFs (MOF-74, ZIF-8, MIL-53, MIL-100 (Al), MIL-100(Fe),MOF-5, UiO-66
and UiO-67), and the carbonisation of the synthesised MOFs is discussed in section
3.4. The application of the MOFs and their adsorption ability is addressed in section
3.5, and the characterisation of the synthesised MOFs and MOF-derived carbons are
described in sections 3.6 and 3.7 respectively. Finally, section 3.8 presents their
application in fuel cells and supercapacitors.

A step-by-step flowchart of this project is provided in Figure 8 below.
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3.1 Metal Organic Frameworks

Details of the chosen MOFs structure with their pore diameters are given in Table 4.

Table 4: The structure and pore sizes of some MFOs

MOE-74 11 Nickle 2,5—d|hydroxyterephtal|c
acid
ZIF-8 11.6 Zinc 2-methylimidazole
MIL-53 8.5 Aluminium Terephtalic acid
MIL-100 20 and 25 Iron Trimethyl-1,3,5-benzene
carboxylate
MOF-5 15 Zinc Terephtalic acid
1,4-
UiO-66 11 Zirconium benzenedicarboxylate
linkers (BDC)
BPDC4,4'-
Uio-67 11,22 Zirconium biphenyldicarboxylic
acid
HKUST
(purchased from 3,5,8 Cupper trEi’ce;erE:)r:(e-li%:,?;g;j
Sigma-Aldrich) y
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3.2 Metal Organic Framework-Derived Carbon

As mentioned before, MOF-derived carbons (carbonised MOFs) are usually prepared
by pyrolysis (heating selected MOFs at temperature around 600 to 800 °C under
vacuum or inert atmosphere) and then activated by chemical activation. Section 3.4

focuses on the carbonisation of selected MOFs. Figure 9 schematically illustrates the

carbonisation process.

Zinc Acetale
-
/B oo
\ % ¢ 'F':"'-;‘ o
o TF W RA
TTTTTTT 47N Co-precipitation < .{!’%“ Calcination.
4{:1’(&' gl ot B HF treatment
: = ZIF-8 derved
B Nanoporous carbon

Figure 9: Schematic illustration of the carbonisation process (Salunkhe et al., 2014)

The following equipment was used in this study:

1)
2)
3)
4)
5)
6)
7
8)

9)

7” Square (Hotplate) Magnetic Stirrer, from Dragon Lab
SciQuip Oven 80-HT, from SciQuip

Vacuum Drying Oven Heraeus Instruments Vacutherm VT 6025
Vacuum Pump PC 3001 Variopro, Vario

Thermo Scientific Sorvall-Legend XIR Centrifuge

45 ml Parr Steel Autoclave Bomb, purchased from Parr Instrument Company

Filter paper (125 mm®) used as purchased from Whatman plc (Germany)
Tubular furnace (Alicante)

Balance

10) Immersion calorimetry (Setaram)



3.3 Metal Organic Framework Synthesis
All reagents were used as purchased without further purification. The DI water used in
all experiments was supplied by University College London’s Electrochemical

Innovation Laboratory.

3.3.1 Ni-MOF-74 synthesis method
Ni-MOF-74 was hydrothermally synthesised following the method from Glover et al.
(Grant Glover et al., 2011): 0.149g 2,5-dihydroxyterephtalic acid was added to 10 ml
THF and 0.373 g nickel acetate tetra hydrate was added to 10 ml DI water. The two
solutions were mixed together for 10 min resulting in a bright green solution. The
resulting solution was transferred into the Teflon-lined Autoclave Bomb and placed in
a preheated conventional oven at 110 °C for 72 h. After cooling to room temperature,
the solution was filtered and washed with DI water several times. Finally, the sample
was activated in a vacuum oven at 100 °C for 8 h, and stored in nitrogen atmosphere.
The resulted sample weigh was 0.097 g.

Since Ni-MOF-74 and ZIF-8 have similar pore sizes, due to the low synthesis yield

of MOF-74, only ZIF-8 was used for the carbonisation.

3.3.2 ZIF-8 synthesis method
ZIF-8 was synthesised solvothermally, using the method from Fu et al. (2013) with
some modification: 3 g zinc nitrate hexahydrate was dissolved in 180 ml methanol. 8.3
g 2-methylimidazole was dissolved in 180 mL methanol and stirred for approximately
15 min. After all the imidazole was dissolved in the water, the solution of zinc nitrate
was added to the imidazole solution, producing a milky solution, which was then stirred
for 10 min at 600 rpm with the magnetic stirrer at room temperature. After mixing the

two aqueous solutions of metal and linker to obtain ZIF-8 crystals, the solution was
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centrifuged at 12,000 rpm for 30 min. After centrifugation, the residuals were collected
and washed with fresh methanol to remove unreacted methylimidazole. This process
was repeated twice more. After the final washing with the centrifuge, the residue was
collected and dried in a vacuum oven at 120 °C overnight. The resulted sample weight
was 0.808 g. To avoid air exposure, ZIF-8 crystals were stored in a screw cap with
septa thread vial under nitrogen (research grade nitrogen, purchased from BOC)
(when the sample was transferred to the vial, a nitrogen-filled syringe was used to
inject the nitrogen into the vial. One more needle was injected to remove the air from

the vial).

3.3.3 MIL-53(Al) synthesis method
MIL-53(Al) was synthesised hydrothermally under autogenous pressure following the
Khan et al. (2011) method: 2.244 g of aluminium chloride hexahydrate (AICI3.6H20)
was added to 0.830 g of terephtalic acid, 14.41 mL DI water was added to the mixture
and stirred for 5 min using a magnetic stirrer at 600 rpm. The aqueous solution was
then transferred into a 45 mL Teflon-lined autoclave, sealed and placed in the centre
of a conventional oven at 200 °C for 180 min. After cooling to room temperature, the
precipitated white powder was collected by filtration using Grade 1 filter paper
(Whatman, 125 mm), followed by washing with DI water several times to remove the
residue of terephtalic acid. Finally, after activation at 150 °C for 5 h, the sample was
collected and stored in thread vial under nitrogen atmosphere. The obtained sample
weight was 0.851 g.

Since the synthesis of this MOF was not successful, we did not use this MOF for

further experiments.

61



3.3.4 MIL-100(Al) synthesis method
MIL-100(Al) was synthesised solvothermally under autogenous pressure following the
method of Volklinger et al. (Volkringer et al., 2009) with some modification. The
chemical reagents that we used were aluminium nitrate nonahydrate Al (NO3)3.9H20,
= 98%, and trimethyl-1, 3, 5-trimesate (CH30)3 CsHs, (Me3sBTC), 98%, both purchased
from Sigma-Aldrich.

0.69 g of aluminium nitrate nonahydrate was added to 0.312 g trimethyl 1,3,5-
benzenetricarboxylate. 2.31 mL of 1M nitric acid (HNOs (1M)) was added drop wise to
8.4 mL DI water and the mixture of aluminium nitrate nonahydrate and 3-
methylbenzene tricarboxylic was dispersed in diluted nitric acid solution. The solution
was then loaded into the 45 mL Teflon-lined Autoclave Bomb and put in the centre of
the oven for 240 min at 210 °C. After cooling to room temperature, the pale-yellow
powder was collected by filtration followed by washing with DI water to remove excess
reagent. After drying overnight in room temperature, MIL-100 was activated following
the method from Jeremias et al. (Jeremias et al., 2012). As-synthesised MIL-100(Al)
was dispersed in 30 mL N, N Dimethylformamide (DMF) and stirred for 1 h followed
by centrifugation for 10 min at 10,000 rpm, and was again dispersed in fresh 30 mL
DMF and stirred overnight. Then the sample was centrifuged off, the same procedure
was repeated with ethanol (sample first dispersed in 30 mL ethanol for 1h and then
after centrifugation, the sample was immersed in 30 mL ethanol overnight and
collected by centrifugation), and finally the sample was activated under vacuum at 120
°C overnight. The collected sample was stored under nitrogen atmosphere in thread

vials. The obtained sample weight was 0.284 g.
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3.3.5 MIL-100(Fe) synthesis method
MIL-100(Fe) was synthesised following the method of Shi et al. (2013), with some
modifications(Shi et al., 2013). In a 25 mL round bottom flask, 4 g of Fe(NOz3)s was
added to 6 mL UHP water and then 1.9 g of BTC was added to the solution. The flask
was then connected to the reflux and was kept under stirring for 12 h at 95 °C. Once
the reaction was complete, the remaining liquid was separated using filtration and the
sample was washed thrice with DI water and thrice with ethanol. Finally, the sample

was dried in air at room temperature. The sample weigh was 0.639 g.

3.3.6 MOF-5 synthesis method
MOF-5, also called IR-MOF-1, was hydrothermally synthesised following the method
provided by Srinivas et al. (2014), with some modifications (Srinivas et al., 2014). 6.3
g of zinc nitrate hexahydret and 1.35 g terephtalic acid was added to 300 mL N,N
dimethylformamide using a magnetic stirrer. The solution was stirred at 600 rpm for
about 15 min. The solution was then transferred to a 500 mL Duran glass jar and
loaded to the oven at 100 °C for 2 days. After the solvent cooled down to the room
temperature, the sample was filtered off and washed with fresh DMF several times
(950 mL). Finally, to extract the trapped DMF from the pores of the sample, it was
soaked in chloroform for 5 days, where the chloroform was changed every day. Lastly,
the sample was dried at 200 °C under vacuum and stored under nitrogen before N2

sorption isotherms. The sample weight after the activation was 1.35 g.

3.3.7 UiO-66 synthesis method
UiO-66 was hydrothermally synthesised following the Katz et al. (2013) method with
some modifications (Katz et al., 2013). Following the typical synthesis method, 125
mg of zirconium chloride (ZrCls) was loaded into a glass vial. 1 mL concentrated HCL
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and 5 mL DMF was added to the solution and sonicated for 20 min at room
temperature. Then, 123 mg of 1,4-benzenedicarboxylate and 10 mL DMF was added
to the solution, sonicated for another 20 min and loaded into the conventional oven at
80 °C overnight. Thereafter, the sample was filtered and washed thrice with DMF and
thrice with ethanol. Finally, the sample was dried under vacuum at 90 °C and activated

at 150 °C. The weight of the obtained sample was 0.113 g.

3.3.8 UiO-67 synthesis method
UiO-67 was hydrothermally synthesised following the Katz et al. (2013) method with
some modifications (Katz et al., 2013). Using the typical synthesis method, 67 mg of
zirconium chloride (ZrCls) was loaded into a glass vial. 0.5 mL concentrated HCL and
5 mL DMF was added to the solution and sonicated for 20 min at room temperature.
Then, 90 mg of 4,4’-biphenyldicarboxylic acid (BPDC) and 10 mL DMF was added to
the solution, sonicated for another 20 min and loaded into the conventional oven at 80
°C overnight. Thereafter, the sample was filtered and washed thrice with DMF and
thrice with ethanol. Finally, the sample was dried under vacuum at 90 °C and activated

at 150 °C. The weight of the obtained sample was 0.101 g.

3.4 Carbonisation

There are different methods to derive MOF template carbons, but the two most popular
methods are direct carbonisation and carbonisation followed by chemical washing.
The critical parameters in the carbonisation process are to conduct the experiment
under an inert atmosphere and have a stable flow of inert gas (usually Ar or N2). In
order to evaluate the performance of the MOF-derived carbons as
electrodes/electrocatalysts in supercapacitors and fuel cell industries and their

adsorption ability in the separation industries, it was crucial to remove all the metal
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parts in the MOFs’ structure during the carbonisation process. Any metal parts left in
the MOF-derived carbons structure can interact with the adsorbate and decrease the
surface area of the carbon, hence decrease the available sites of the adsorption. In
addition, the interaction of the metals with the adsorbate might result in fake high
enthalpy of adsorption.

In the first method, is sample was only heated under an inert atmosphere to the
temperature above the boiling point of the metal salt, to evaporate the metal into a
sample. In the second method, the sample is usually heated to up to 800 °C and then
the metal is washed out with a chemical solvent such as KOH or HF. In this research,
we used both methods for different materials. During the carbonisation, the precursor
MOF kept its structure while all the metal parts of the MOF evaporated and the organic

linkers turned to carbon.

3.4.1 ZIF-8 carbonisation

3 g of synthesised and activated ZIF-8 was transferred to an alumina boat and placed
in the centre of the horizontal tubular furnace (Carbolite: STF16/75/450) under Ar flow
at 100 ml/min for 2 h. The furnace was then increased to 1100 °C with a 5 °C/min
ramping rate. It remained at that temperature for 6 h. After cooling to room
temperature, the sample was collected and weighed. The obtained mass was 0.64 g.
The carbonized ZIF-8 was then characterised using N2 adsorption isotherm in fully
automated manometric equipment.

The experimental set up for the carbonisation is given in Figure 10.
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Fiure 10: Experimental set up for carbonisation

3.4.2 MOF-5 carbonisation
MOF-5 was directly carbonised following Segakweng et al. (2016), with some
modifications (Segakweng et al., 2016). 3.0187 g was transferred to the alumina boat
and placed in the centre of the furnace under Ar flow for 2 h with the flow rate of 100
ml/ min. The furnace was ramped to 1100 °C at 3 °C/min and remained at that
temperature for 6 h. After cooling to room temperature, the sample was collected and

weighed. The weight of the sample was 0.48 g.

3.4.3 MIL-100(Fe) carbonisation
MIL-100(Fe) was carbonised following the Mao et al. (2015) method with some
modifications (Mao et al., 2015). 2.15 g of MIL-100(Fe) was transferred to an alumina
boat and placed in the centre of the horizontal tubular furnace. Argon was purged with
65 ml/min flow rate for 2 h before starting the heating process. After 2 h, the furnace

was programmed to increase to 1000 °C with 5 °C/min and remain there for 4 h. After
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cooling to room temperature, the sample was collected. To remove the Fe from the
carbon, the carbonised sample was soaked in 25 mL of 5 M HCI and stirred for 24 h
at 400 rpm. Finally, the sample was filtered and washed with DI water and ethanol and

dried overnight in air. The obtained weight of the sample was 0.422 g.

3.4.4 UiO-66 carbonisation
In order to evaluate the adsorption ability of the UiO-66 derived carbon, 2.52 g of UiO-
66 was placed in the alumina boat in the centre of the furnace. The carbonisation was
conducted under Ar starting at room temperature for 2 h and then heated to 1100 °C
with a 5 °C/min ramping rate. The sample remained at that temperature for 6 h and
was kept under Ar flow until it cooled down to room temperature. Then sample was
collected and dissolved in 5 M HCI and stirred overnight at room temperature. Then,
the sample was collected by filtration and washed thrice with DI water and ethanol.
The weight of the sample after washing was 0.314 g.

Since the result from the carbonised UiO-66 was not promising, we decided not to

repeat the experiments for carbonised UiO-67.

3.4.5 HKUST carbonisation

3.09 g of commercial HKUST was transferred to the alumina boat and placed in the
centre of the furnace. Argon was purged with 100 ml/min flow rate for 2 h before
starting the heating process. The furnace was heated up to 100 °C with a 5 °C/min
ramp rate and remained at that temperature for 6 h. After cooling to room temperature,
the sample was collected. The weight of the sample after the carbonisation was 0.945
g.

Since the synthesis of the MIL-53 and MIL-110(Al) was not successful, these MOFs
were not used in this study, hence they were not carbonised.
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3.5 Immersion Calorimetry
Four different MOFs (commercial ZIF-8, commercial HKUST, UiO-66 and UiO-67)
were selected to evaluate their separation ability of xylene isomers (M-xylene, P-

xylene, O-xylene).

3.5.1 Heat of adsorption measurements
The exothermic peak from the equipment corresponds to the contact of the immersion
liquid with the sample. Thus, the enthalpy value obtained after the experiment (Qexp)
has been corrected to obtain the value of the real enthalpy (AHimm), using the value of

the vaporisation energy of the immersion liquid, AHvap.

Equation 1
Qexp = AHjmm + AHvap

Equation 2
AHvap = Ahvap (PO/RT)

where Ahvap is the molar vaporisation energy, Po is the saturation pressure of
adsorbate, V is the dead volume of the bulb, T is the temperature of the experiment

and R is the ideal gas constant (Silvestre-Albero et al., 2001).

3.5.2 Sample preparation
First, an empty sample tube was weighed and the weight (m1) was noted. Then, 80 to
100 mg of the sample was transferred to the tube and the weight of the sample and
the tube (m2) was noted. Some glass wool was put in the middle of the stem to prevent
the sample flying to the degasification system during degassing, and its weight (ms)
was noted. The special key was then connected to the sample tube, which keeps the
sample under vacuum after removal from the degassing equipment. The next step

was to degas the samples at 110 °C overnight with a 5 °C/min ramp rate.
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Figure 11 shows a sample tube loaded by the commercial HKUST-1. The tube
consists of three main parts; the stem, bulb and the tip at the bottom of the bulb. After
samples were degassed in order to vacuum seal the samples, the bulb of the tube
needed to be separated. A flame torch was used to separate the stem from the bulb
so that the whole system was kept under vacuum. Then, the weight of the stem and
the bulb together was measured, as well as the bulb alone (m4 and ms respectively).

The bulb was attached to the sample holder of the calorimeter and immersed
in the stainless-steel cell containing the solvent (xylene isomers). The cell was then
transferred to the calorimeter. The equipment was set to run the test at 30 °C for 6 to
12 h. This timing varied, based on the required time for the equipment to reach
equilibrium. Once equilibrium in the calorimeter chamber was reached, the tip at the
end of the bulb was broken, allowing the sample to immerse in the liquid and get wet.
The released heat was recorded as a function of time. The results were plotted and,
from the integration of the area under the curve, the heat of adsorption was measured.
Then, using Equation 3, the corrected heat of adsorption was calculated.

The detailed results are given in Chapter 6.

Equation 3

log (P = A (B )
0810 = C+T

where P corresponds to vapour pressure, A, B and C are Antoine constants and T is
temperature (°C) (Thomson, 1946).
Table 5 describes the details of the experiments and the calculation of the heat

of adsorption.
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Table 5: Descriition of the exierimental details

mz empty bulb
mz bulb + sample
ms bulb + sample + wool before degassing
Ma bulb + sample + wool after degassing
ms bulb + sample after cutting the bulb
Me bulb weight after the experiment
Density (g/cm3) p
Degassed weight (g) Woelean = (M2- M1)-( M3- My)

Solvent mass (g)

Msol = ( Me- m5)

Solvent volume (1)

VL= ((Solvent mass/ Density)/1000)

A 7.14914

B 1566.59

C 222.671
AH vap. (kJ/mol) 45
T experiment (°C) 30

Po (atm)

10(A-(b/C+T)) /760

Dissolved moles evaporated

moleSdissoived = (PoXV1)/(0.082XT+273.15)

Heat of evaporation (mJ)

Hevap = moleSdissoived X AH vap.

Released heat (J/g)

Integration of the area under curve

Released heat (mJ)

Area under curve X Wdeanx1000

Heat of adsorption (mJ)

Hads = HevaptHimm

Corrected heat of adsorption (J/g)

(Hads/WcIean)/looo

Stem

Bulb

Tip

ur 1: Calorimetry tube
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Table 6 shows the amount of each MOF used in different xylene isomers. The

results are provided in Chapter 6.

Table 6: Experimental details of the tested MOFs in xylene isomers

Solvent (9mL)
MOF/CMOF (me) O-Xylene M-Xylene P-Xylene
HKUST-1 91.6 100 109
ZIF-8 98.4 98.3 91.5
UiO-66 163 85.1 97.5
Uio-67 80.5 70.6 79.8
C-UiO-66 - 156 -
C-HKUST - 86.4 -

3.6 Characterisation of Metal Organic Frameworks

The synthesised MOFs were characterised using a powder X-ray diffractometer to
identify the crystallinity of the synthesised MOFs. The BET theory was used to
measure the pore size distribution using t-plot method and surface area using nitrogen

adsorption—desorption isotherm.

3.6.1 Bruanauer-Emmett-Teller surface area analyser
The specific surface areas of the MOFs were calculated using the BET equation. In
1938 Stephen Brunauer, Paul Hugh Emmett and Edward Teller first published the
theory of BET, which analyses the physical adsorption of a gas adsorbate on a solid
adsorbent. This method is the improved model of the Langmuir? theory for multilayer
adsorption, which means each molecule adsorbed on the surface of the sample can
be considered an adsorption site for the new layer adsorption of the molecule. The
gas used in the experiments need to be nonreactive, hence Nz is the most common

gas used in this technique. The BET equation is:

2 Langmuir is the theory of adsorption on the monolayer samples.
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Equation 4
1 c-1
p = + X E
nPo —p) Ml npC  po

where p, is the equilibrium pressure, p is the saturation pressure, C is the BET

constant and n,,, is the number of the gas molecules adsorbed.

Equation 5
_ E1—-EL
C = exp(—)

where E; is the heat of adsorption for the first layer, and E;, is the liquefaction energy.

To calculate the surface area, first we needed to plot the BET plot using the
(P/Po)/[n (1-P/Po)] as the y-axis and P/Po as the x-axis, resulting in a straight line from
which the slope (s = (C — 1/n,,)) and intercept (i = 1/n,, C) were calculated and used

in the Equation 8 to calculate the BET surface area (Sger).

Equation 6
Equation 7

nm =1/C/p)
Equation 8

Sggr = Ny Lo
where L is Avogadro constant (6.022140857 x 10 23), and o is the average area of
each molecule of adsorbate occupies. This value for N2 at 77(K) is 0.162 nm?
(Rouquerol et al., 1999).

The BET surface area and pore volume of the synthesised MOFs were measured
by a BET surface area analyser (Micromeritics’ Tri-Star surface area and porosity
analyser). First, 0.1-0.2g of each MOF were loaded into the glass loop and into the
out-gas port of the BET surface area analyser to be evacuated at a specific
temperature overnight. After degassing, the samples were quickly transferred to the

analysis port, the Dewar was filled with the liquid nitrogen and the analysis began.

72



3.6.2 Powder X-ray diffraction
PXRD is a useful structural characterisation technique for phase identification of
crystalline materials such as MOFs. There are three main parts in the XRD system;
the X-ray tube, sample holder and X-ray diffractometer. The principle of the XRD is
based on the generation of X-rays by a cathode ray tube (a filament inside the cathode
tube is heated and produces electrons, which are accelerated to the sample by
applying voltage, bombarding the sample). When the electrons have gained enough
energy, they are ejected from the inner shell and travel to the next shell. The
diffractometer produces waves using X-rays with a known frequency. From the
interaction of the waves with the sample, atoms of the sample generate light at a
specific angle (the diffraction angle). This happens when the conditions satisfy Bragg’s

law.

Equation 9
niA = 2d sin

where d is the distance between atomic layers of the sample, A is the wavelength of
the incident X-ray beam, 6 is the scattering angle and n is a positive integer.

Then, the sample was scanned at the range of 2 6 to determine all the diffraction
directions of the lattice; the diffracted waves were detected, processed and counted.
Since each mineral had unigue d-spacing, by converting the diffraction peaks to d-
spacing the minerals could be determined (Feidenhans'l, 1989).

In order to determine the crystallinity of the synthesized MOFs, samples were
characterised by PXRD (Bruker-AXS machine using Cu Ka radiation (A = 1.5418 A)).
The transition mode for all samples was in the range of 5° < 2 © < 50°. The scan rate

and step size/width for all samples were: 2s/step and 0.05° respectively.
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3.7 Characterisation of Carbonised Metal Organic Frameworks
The morphology and structure of the MOF-derived carbons were characterised with

XRD, BET surface area analysis and energy dispersive spectroscopy (EDS) analysis.

3.7.1 BET measurements
MOF-derived carbons were characterised with nitrogen at 77 K to measure the surface
area, pore volume and pore size distribution. The detailed results of the samples are

provided in Chapter 4.

3.7.2 Scanning Electron Microscopy and Energy Dispersive Spectroscopy
Scanning electron microscopy (SEM) is a useful and common tool for measuring
different properties of MOFs, including elemental composition and crystal size.
However, since MOFs have an insulating nature, in order to be used in SEM it is
required for them to be coated with a conducting material such as gold (Howarth et
al., 2017). The principles of SEM are based on beaming accelerating electrons onto
the sample. Diffracted backscattered electrons are used for determination of the
crystal structure of the sample as well as the orientation of the minerals. In SEM,
secondary electrons are detected when the atoms are excited by the electron beam.
The image of the sample is produced by collecting the emitted secondary electrons
with the help of a special detector (McMullan, 1995).

EDS is an elemental analysis method that can be paired with SEM to evaluate
elemental analysis. However, it is important to consider the coating material used for
SEM analysis, as this may result in overlap with the peaks from the metal within the
samples, resulting in inaccuracy in the results (Pearce, 2004).

In this study, to assess the carbonisation process, MOF-derived carbons and Pt/C-

ZIF-8 were characterised with SEM and EDS elemental analysers. To prevent any
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error in the quantitative results, in the case of the EDS analysis, samples were not
coated, whereas coating was applied in SEM analysis (JEOL, JSM-6480 LV, SEM).

The detailed results are given in the next chapter.

3.7.3 Transmission electron microscopy

Transmission electron microscopy (TEM) is a light microscopy technique that consists
of three main parts; electron gun to produce electron beam; image producing system,
which consists of movable sample holder and objective lens; and the image recorder,
which is responsible for converting the image of the electron into an observable format.
This technique is based on the interaction of the transmitted electrons and the sample.
When the electron beams are transmitted to the sample, under vacuum, based on the
wavelength of the electrons, the speed of the electrons varies: the shorter wavelengths
are faster and consequently result in a higher quality of the image. When a great
number of electrons transmit through the sample, they produce a light area in the
image, and where the sample is denser, the image is darker (Williams and Carter,
1996).

In order to study the morphology of the sample in this study, they were
characterised by TEM analyser (JEOL, JEM-1010). The results are provided in

Chapter 4.

3.8 Electrochemical Measurements

3.8.1 Fuel cell tests
In order to apply Czirs in fuel cells, they need to be loaded by a catalyst such as Pt.
Two different methods were used for the catalyst preparation. In the first attempt, the
microwave-assisted synthesis method given by Chen et al. (2012) was followed. In

this method, 2 mL of 0.05 M aqueous solution of H2PtCls was added to 50 mL ethylene
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glycol, and the pH of the sample was adjusted to 9.5 by adding 0.5 mL of 0.8 M
aqueous KOH. Then, 0.080 mg of the carbonised ZIF-8 was added to the solution,
which was ultra-sonicated for 1 h. Thereafter, the solution was placed in the centre of
the microwave oven and heated for 60 s at 800 W (CEM, MARS). The solution was
filtered off and the residue was washed several times with acetone and DI water. The
sample was then dried under vacuum at 100 °C overnight. The sample was
characterised by EDS to measure the amount of Pt loaded. The detailed results are
given in Chapter 5. The nominal value for the Pt loading is 20% Pt and 80% carbon.
Since the result obtained from the first attempt was not successful, a different method
was followed.

In the second method, the Pt/C was synthesised using the method provided by
Yang et al. (2003): 0.132 g of H2PtCls was mixed with 30 mL ethanol using a shaker
for 30 min, and then 0.2 g of the carbon was added to the solution and ultra-sonicated
for 1 h. Thereatfter, the solution was stirred at 60 °C on the magnetic stirrer for 45 min
(until the solvents evaporated). Then, the sample was transferred into a conventional
oven for 20-30 min. Thereafter, the sample was left exposed to air under a fume
cupboard for 3 days to completely dry. After three days, the sample was transferred
to a ceramic crucible and put in the furnace (the furnace was set to 120 °C with the
ramp rate of 5 °C/min) under N2 atmosphere with the flow rate of 1 L/min starting at
room temperature. After the temperature reached 120 °C, the H2 was blown into the
furnace with the flow rate of 70 mL/min, and kept at that temperature for 2 h. The
sample was finally collected, and the yield was 0.217 g Pt20%/CziF-s.

The same procedure was repeated for loading Pt on Vulcan XC-72 to be used
as the reference. 0.131 g of H2PtCls was added to 30 mL ethanol and mixed in the

shaker for 30 min, 0.2 g of support (Vulcan) was added to the sample and the solution
76



was ultra-sonicated for 1 h. The solution was then placed on the magnetic stirrer for
45 min at 60 °C (at this stage, the ethanol had almost evaporated, so we put the
sample in a conventional oven for only 5 min). Thereafter, the sample was left to dry
in the air for 3 days. After 3 days, the sample was transferred to the ceramic crucible
and placed in the centre of the tubular furnace to be purged with N2 (flow rate of 1
L/min) and heated to 120 °C with a 5 °C /min ramping rate. After reaching the targeted
temperature, the Hz was purged to the sample with 70 mL/min flow rate, remaining at
that temperature for 2 h.
Figure 12 illustrates the Pt/C after stirring on the magnetic stirrer (a) and the

collected sample from the furnace (b).

a) \ " 4 b)

Figure 12: a) Pt/C after stirring, b) Pt/C collected from furnace

3.8.1.1 Catalyst ink solution and electrode preparation

The electrochemical activity of the Pt-loaded carbonised MOF (Pt/Czirs) was
evaluated by the rotating disk electrode (RDE) method in a standard three-electrode
electrochemical cell. The first step for this experiment was to clean the electrode and
make an ink from the catalyst and load it onto the surface of the electrode. The

procedure of making the catalyst ink and loading it on the electrode is described below.
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3.8.1.2 Electrode cleaning

A 0.05 um particle suspension of Al203 was poured onto a polishing cloth, and the
electrode was polished on the cloth in 8 patterns several times (around 5 min), then
rinsed with plenty of DI water and dried in air for at least 30 min. Finally, the electrode
was mounted on top of the spinner to be loaded by the catalyst ink. Figure 13 shows

the working electrode mounted on the spinner.

Working electrode

Spinner

Rotor

=g

N

Figure 13: Working electrode mounted on the spinner

3.8.1.3 Catalyst ink preparation

5 mg of the Pt/Czirsand 5 ml of a solution containing 25% isopropyl alcohol (Goriparti
et al.), and 0.02% Nafion were sonicated for 30 to 60 min in a small vial to obtain a
well-dispersed solution before being loaded onto the electrode. 25 L of the ink was
then poured drop-wise onto the surface of the electrode. For this step, 5 uL of the ink
was dropped on the surface of the electrode and the electrode was spun for about 5
min so that the ink could dry. This process was repeated 5 times until a total amount
of 25 pL was loaded. After the final dropping, the electrode was left spinning for about
1 h so that the surface of the electrode was completely dry and ready to be loaded

onto the electrochemical cell.
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3.8.1.4 Cyclic voltammetry

Prior to using the electrochemical cell, it needed to be cleaned; for this reason, the cell
was filled with H2SO4 (99.9%) and left overnight at room temperature. It was then
rinsed several times with DI water to remove any acid from the cell. Thereatfter, it was
filled with the electrolyte (the electrolyte used here was HCIO4) and the reference and
counter electrode was assembled in the cell, as well as the working electrode.

The working electrode was assembled to the shaft of the rotator system and
inserted into the electrolyte. It is important to keep the working electrode at the same
height in all the experiments to have the same resistance in the working electrode,
along with the reversible H2 electrodes (RHE) lugging capillary. Ultra-pure N2 was
purged to the electrolyte for more than 20 min with a 200 mL/min flow rate to
deoxygenate the electrolyte.

The RDE was conditioned for 0.05-1.2V, 500 mV/s and 50 cycles at room
temperature under N2 atmosphere. The scan range was set to 0.025-1.2V and the
scan rate was 20 mV/s. The number of scans was set to 3, of which the third was used
for analysis. Before beginning the cyclic voltammetry (CV) test, the working electrode
needed to be electrochemically cleaned via potential cycling, which was done between
0.05-1.2 V for 50 cycles with a scan rate of 500 mV/s.

This test was done both for the synthesised Pt/Czrs and the commercial
Pt/Vulcan (purchased from Sigma-Aldrich) and the electrochemical surface area
(ECSA) was calculated using Equation 10 (Garsany et al., 2010). The results are

provided in Chapter 5.

Equation 10
QH-adsorption (C)

ECSA proat = [21 0 pC cmpr? Lpt mgpicm? Ag (cm?)

] x 105
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where Qr-adsorption (C) is the hydrogen adsorption charge in the negative going potential,
Lrt mgricm™ is the working electrode Pt loading (mgricm-2), the charge of full coverage
for clean polycrystalline Pt is 210 uC cm2, which is used as the conversion factor, and

Ag is the geometric surface area of the glassy carbon electrode (Garsany et al., 2010).

3.8.1.5 Oxygen reduction reaction
In order to measure the specific activity of the sample, the ORR test was run. The first
step was to replace the N2 with O2. O2 was purged to the electrolyte for about 30 min
prior to start the analysis. The rotation speed was set on 400, 800, 1200, 1600 and
2000 rpm. The scan range was set to -0.01-1.00V and the scan rate was 20 mV/s.
The number of scans was set to 2, of which the second was used for analysis.

The specific activities of the Pt area were measured by calculating the kinetic
current (I, A), and normalising it to the electrochemical surface area of the Pt using

Equation 11 (Garsany et al., 2010).

Equation 11

Is(MA cmpi?) = K(A)
s(WA CMPC) = BH(C)210 1T ompc?

where s is the specific activity and Ik (A) is the kinetic current.

3.8.1.6 Durability test

In order to measure the electrochemical stability of the Pt/Czr-s, an ink solution of the
catalyst was prepared, as mentioned in section 3.8.1.3. 35 pl of the solution was
dropped onto the working electrode. The electrode was then assembled onto the shaft
of the rotator system and inserted into the electrolyte. Before starting the test, N2 was

purged to the electrolyte for at least 30 min with 500 ml/min flow rate. The scan rate
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was set to 100 mV/s, and the scan range was set t01.0-1.6 V and the measurements
were done in 10, 100, 200, 500, 1000, 2000, 4000 and 6000 cycles.

The electrolyte used was 0.1 M HCIO4 and the rotating ring-disk electrode
(RRDE) used was polished glassy carbon with the geometric surface area of 0.2475
cm?. The reference electrode used in this test was RHE. The analysis of the results is

given in Chapter 5. Figure 14 shows the electrochemical cell set up.

working electrode counter electrode

Reference electrode

e AN
Figure 14: The electrochemical cell set up

3.8.2 Supercapacitors tests
The electrode capacitance in a chosen electrolyte can be measured by using CV,
which records the cyclic voltammograms of the material. If the total charge Q
accumulated in the electrode layer, expressed in Equation 12 (Wang et al., 2012), is
measured using the area integrated under the CV diagram in either direction of a
potential window from E1 to E2, the capacitance C can be obtained by the following
equation:

Equation 12

€=
'E2 1
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Another method of obtaining the capacitance is by cyclic charge—discharge
curves in two- and three-electrode systems. Setting the current density and potential
window for the cycle, and knowing the mass of the electrode materials coated on the

current collector, the capacitance can be calculated by

Equation 13 (Wang et al., 2012)

C_I At
B v

— X
w
where [ is the current in amperes, W is the mass of electrode material (g), %is the

current density set by the user of the potentiostat, At is the time needed for the
discharge cycle and V is the working potential window.

The electrochemical behaviour of the MOF-derived carbons was characterised
by measuring the specific capacity using VC and a galvanostatic charge—discharge
curve, at different sweep rates and current densities respectively, in a three-electrode
system. The reference electrode used in this study was Ag/AgCl, and the counter
electrode was a Pt-wired electrode in all tests. Before coating the electrodes, they
needed to be cleaned. Hence, the Ni foam electrodes were first soaked in EtOH and
sonicated for 15 min, then soaked in DI water and sonicated for another 15 min.
Thereafter, they were dried overnight in the oven at 60 °C. After the electrodes had
dried, they were labelled with a marker and weighed. Then, they were coated with the

ink solution (1 cm? of the electrode area) and dried overnight under vacuum at 80 °C.

3.8.2.1 Carbonised ZIF-8

H2S04 was used as the electrolyte. In order to make the slurry, 0.085 g of Czirs was
mixed with 0.005 g C-65 as the booster carbon and 0.001 g polyvinylidene fluoride
(PVDF) as the binder. A small amount of the N-Methyl-2-pyrrolidone (NMP) was added

to make the ink.
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1 cm? of the Ni-foam paper and carbon paper was coated with the slurry and
dried overnight under full vacuum at 85 °C. Thereatfter, the Ni-foams were pressed
under 12 MPa to make the ink adhere completely to the electrode. The weight of the
loaded carbon was calculated using the difference of the dried carbon coated

electrodes and clean electrodes multiplied by 85%.

3.8.2.1.1 Cyclic voltammetry

The CV test at different sweep rates was performed at the potential window of 0-0.8
V. The mass loading for this test on the carbon paper was 0.00035 g and 0.01126 g
on the Ni-foam. Since the mass loading on the Ni-foam was higher than required, only
the carbon paper was used to evaluate the specific capacitance of the carbonised ZIF-
8. The specific capacitance of the carbonised ZIF-8 at different potential windows was

calculated based on Equation 12.

3.8.2.1.2 Charge-discharge curve for CZIF-8

Electrochemical measurements in the three-electrode systems were done in 6 M KOH
electrolyte solution using a Pt mesh and silver/silver chloride (Ag/AgCl) as the counter
and reference electrodes, respectively. The pH of the reference electrode was
buffered by an Orion Electrode Filling Solution. The working electrodes were prepared
as follows: 80% activated carbon (CC-Fe, CC-KOH, KB or graphite) was mixed with
10% Super C65 and 10% PVDF wherein NMP solution was added drop by drop to
reach a good consistency. The mixture was then manually ground and mixed using a
mortar and pestle, and then poured in the ball miller jars with the zirconia balls and
mixed for 3 h at 300 rpm in both directions in the ball mill (pulverisette, FRITSCH,
Markt Einersheim, Germany). The mixture was then drop-cased on the nickel foam

using a spatula, reaching a final mass of 1-10 mg activated carbon after drying the
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electrode/current collector system. The samples were then pressed at a pressure of
10 tons for 20 s to fold the electrode-coated area and have a final physical surface
area of 1 cm?. Galvanostatic cyclic charge—discharge was performed at current density
of 0.1 A g'. The specific capacitances were calculated from the Cyclic Charge-

Discahreg (CCD) curves and are given in Chapter 5.

3.8.2.2 CMOF-5

0.0805 g CMOF-5 was mixed and ground with 0.0102 g Ketjen black, 0.0116 g
Polytetrafluoroethylene (PTFE) as a binder and 8 mL ETOH. After all the reactants
were ground, they were applied to the carbon paper and dried overnight at 100 °C.
After cooling to room temperature, the samples were immersed in 6 M KOH for 6 h

prior to the analysis.

3.8.221 Cyclic voltammetry
Cyclic voltammetry was carried out at the scan rates of 1, 2, 5, 10, 20, 50, 100 and

200 mV s, in the potential window of 0-0.8 V. The results are provided in Chapter 5

3.8.2.2.2 Cyclic charge—discharge
The galvanostatic charge—discharge was carried out at the 0.25 A g*. The results are

given in Chapter 4.

3.8.2.3 CMIL-100(Fe)

0.0808 g C-MIL-100(Fe), 0.0108 g C-65, 0.0108 g PTFE and 8 mL ETOH were mixed
and ground using a mortar and pestle until a homogenous paste was yielded. The
paste was then drop-cased on the carbon paper and dried at 100 °C overnight. Then,

the electrodes were immersed in 6 M KOH electrolyte before the test was run.
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3.8.2.3.1 Cyclic voltammetry
The cyclic voltammograms was carried out at 1, 2, 5,10,20,50,100 and 200 mV s™.

The results are given in Chapter 5.

3.8.2.3.2 Charge-discharge
The galvanostatic charge—discharge test was carried out at 0.01, 0.1, 0.2 and 0.25 A

g The specific capacitance was calculated from CCD and is provided in Chapter 5.
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Chapter 4

4 Structural Characterisation Results

4.1 Powder X-Ray Diffraction Results
The crystallinity of the synthesised MOFs structures was characterised with PXRD and
confirmed with the experimental data simulated by Material Studio version 8.0.0.843,

licenced by University College London.

4.1.1 Powder X-ray diffraction results for Ni-MOF-74
Figure 15 illustrates the PXRD patterns for MOF-74. We see that the PXRD pattern
for our synthesised MOF-74 matches the simulated PXRD, which shows the purity of

materials, as expected.

e Synthesised Ni-MOF-74
m— Simulated Ni-MOF-74
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Figure 15: PXRD pattern for Ni-MOF-74
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4.1.2 Powder X-ray diffraction results for ZIF-8
The PXRD pattern for ZIF-8 is shown in Figure 16. As is expected, the PXRD pattern
for the synthesised ZIF-8 is perfectly matched with the simulated one, which shows

the crystalline structure of the synthesised ZIF-8

m—— Synthesised ZIF-8
Simulated ZIF-8
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Figure 16: PXRD pattern for ZIF-8

4.1.1 Powder X-ray diffraction results for MIL-100(Al)

The PXRD pattern of MIL-100 is provided in Figure 17. As seen, it is similar to the
simulated pattern; however, there are some noises in the synthesised PXRD which
can be the result of some unreacted linkers in the pores of the MOF. Since the
synthesis of MIL-100(Al) was not successful, we decided to synthesis MIL-100(Fe)
instead. However, we believe that with further activation, it is possible to have MIL-

100(Al) with a more crystalline structure.
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Figure 17: PXRD Pattern for MIL-100(Al)

4.1.2 Powder X-ray diffraction results for MIL-100(Fe)
The PXRD pattern for MIL-100(Fe) was compared with the simulated pattern and
given in Figure 18. As is shown, the XRD pattern matches perfectly with the simulated

pattern, demonstrating the crystallinity of the sample.
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Figure 18: PXRD pattern for MIL-100(Fe)
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4.1.3 Powder X-ray diffraction results for UiO-66
The structure crystallinity of the synthesised UiO-66 was characterised with PXRD and
compared with the simulated pattern. As is shown in Figure 19, the XRD pattern for
the synthesised sample perfectly matches with the simulated pattern, confirming the

phase purity and crystalline structure of the synthesised sample.

Synthesised UiO-66
= Simulated UiO-66

ntensity/a.u

Figure 19: PXRD pattern for UiO-66

4.1.4 Powder X-ray diffraction results for UiO-67
The synthesised sample was characterised with PXRD to check the crystallinity of the
sample. Figure 20 shows the comparison of the PXRD pattern for the synthesised
sample and the simulated pattern, which matches perfectly. This result confirms the
crystallinity of the MOF structure, and hence verifies the successful synthesis of the

sample.
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Figure 20: PXRD pattern for UiO-67

4.1.5 Powder X-ray diffraction results for MIL-53

The PXRD pattern of the synthesised MIL-53 was in agreement with the simulated

pattern, showing the phase purity of the synthesised sample (see Figure 21).
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Figure 21: PXRD Pattern for MIL-53(Al)

4.1.6 Powder X-ray diffraction results for MOF-5

The successful synthesis of the MOF-5 was confirmed by comparing the PXRD

patterns of the synthesised sample with the simulated pattern. Figure 22 shows the
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PXRD pattern of the synthesised MOF-5 plotted over the simulated sample, matching

perfectly, thus confirming the phase purity of the sample.
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Figure 22: PXRD pattern for MOF-5

4.1.7 Conclusion
The crystallinity structures of the synthesised samples have been determined by
plotting the PXRD patterns of the synthesised MOFs versus the simulated ones. The
comparison of the results shows that all the MOFs synthesised have crystalline
structure and pure phase, except for MIL-100(Al), which may be a result of not being
activated properly. Better washing and solvent exchange process is recommended to

overcome this problem .

4.2 Brunauer-Emmet-Teller Results for Synthesised Metal Organic

Frameworks
The BET surface area of the synthesised MOFs was calculated using the BET
equation described in Chapter 2. The pore size of the synthesised MOFs was
measured using the density functional theory (DFT) theory method by using desorption

isotherms.
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4.2.1 Brunauer-Emmet-Teller results for Ni-MOF-74
Figure 23 illustrates type | nitrogen adsorption-desorption isotherm of the MOF-74,
which indicates the microporosity of the material. The pore size distribution of Ni-MOF-
74 was plotted using desorption isotherm with the DFT theory based on the slit-shaped
carbon model (using the SAIEUAS software provided by Micromeritics). The result is
given in Figure 24. The BET surface area and pore volume of the Ni-MOF-74 are given

in Table 7.
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Figure 23: Nitrogen sorption isotherm for Ni-MOF-74
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Figure 24: Pore size distribution of Ni-MOF-74
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Table 7: BET surface area and pore volume

Sample

BET surface area (m?/g)

Pore volume (cm?3/g)

Ni-MOF-74

1135

0.56

4.2.2 Brunauer-Emmet-Teller results for ZIF-8

Figure 25 illustrates type | isotherm for ZIF-8 as expected, indicating the microporosity

of the synthesised sample. The calculated BET surface area and pore volume are

givenin Error! Reference source not found.. The pore size distribution of ZIF-8 was p

lotted using DFT model based on the slit-shaped carbon model, using the adsorption

isotherm as shown in Figure 26.
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Figure 25: Nitrogen sorption isotherm for ZIF-8
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Figure 26: Pore size distribution of ZIF-8

Table 8: BET surface area and pore volume

Sample BET surface area (m?/g) Pore volume(cm?/g)

ZIF-8 1200 0.55

4.2.3 Brunauer-Emmet-Teller results for MIL-100 (Al)
Figure 27 shows the type | nitrogen adsorption—desorption isotherm for MIL-100(Al),
starting with a concave shape towards P/Po, where the adsorption of micropores
occurs, then n reaches a plateau, and finally equilibrium is reached at the relative
pressure of 1.The BET surface area and pore volume of the sample are given in

Table 9. The BET surface area was calculated using the BET equation.

94



Vol, STP (cm’/g)

=y
o
o
d

50 ¢

adsorption
== desorption

,"t
CaCOOCE » y

0.0

0.2

04 0.6
P/PO

08 1.0

Figure 27: Nitrogen sorption isotherm for MIL-100(Al)

Table 9: BET surface area and pore volume of MIL-100(Al)

Sample

BET surface area

(m?g)

Pore volume

(cm?¥g)

MIL-100(Al)

1099

0.54

4.2.4 Brunauer-Emmet-Teller results for MIL-100(Fe)

Figure 28 shows the type | nitrogen adsorption—desorption isotherm for MIL-100(Fe).

It begins with a concave shape towards P/Po, where the adsorption of micropores

occurs, then reaches a plateau, and attains equilibrium at the relative pressure of 1.

Using desorption isotherm, the pore size distribution of the MIL-100(Fe) was

calculated and is plotted in Figure 29.
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Figure 28: Nitrogen sorption isotherm for MIL-100(Fe)
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Figure 29: Pore size distribution o fMIL-100(Fe)

The BET surface area and pore volume of the MIL-100(Fe) are given in Table

Table 10: BET surface area and pore volume of MIL-100(Fe)

BET surface area Pore volume
Sample
(m?/g) (cm3/g)
MIL-100(Fe) 1645 0.82
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4.2.5 Brunauer-Emmet-Teller results for MOF-5
Figure 30 shows the type | nitrogen adsorption—desorption isotherm for MOF-5. It
begins with a concave shape towards P/Po, where the adsorption of micropores
occurs, then reaches a plateau, and a hysteresis loop indicates the presence of the
mesopores in the structure of this MOF. As it is shown on Figure 31, two pore sizes
are observed at the range of 8 and 15 A for this MOF. The BET surface area and pore

volume of the MOF-5 are given in Table 11.
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Figure 30: Nitrogen sorption isotherm for MOF-5
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Figure 31: Pore size distribution for MOF-5

Table 11: BET surface area and pore volume of MOF-5

BET surface area Pore volume
Sample
(m?/g) (cm3/g)
MOF-5 600 0.96

4.2.6 Brunauer-Emmet-Teller results for HKUST-1
Commercial HKUST was purchased from Sigma-Aldrich and degassed overnight
under vacuum at 100 °C before beginning the adsorption measurements. The nitrogen
sorption isotherm and pore size distribution of the commercial HKUST are given in
Figure 32 and Figure 33 respectively. The adsorption—desorption isotherm given in
Figure 33 shows type IV isotherm with a hysteresis loop at a higher pressure. The
hysteresis loop appears when there are mesopores available in the structure of the
sample and is associated with the capillary condensation of the adsorbing and
desorbing of the mesopores. The BET surface area and pore volume of the HKUST

are given in Table 12.
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As seen in Figure 33, there are two pore sizes of 5 and 9 A, similar to the

theoretical pore sizes found in HKUST-1. The BET surface area and pore volume of

the commercial HKUST are provided in Table 12.
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Figure 32: Nitrogen sorption isotherm for commercial HKUST
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Figure 33: Pore size distribution for HKUST

Table 12:BET surface area and pore volume for HKUST

Sample

BET surface area

(m?/g)

Pore volume

(cm3/g)

HKUST

825

0.50
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4.2.7 Brunauer-Emmet-Teller results for MIL-53(Al)
The nitrogen sorption isotherm for MIL-53(Al) is given in Figure 34. The isotherm is a
type | isotherm as expected, but has a very low surface area and pore volume. As the
PXRD result for MIL-53 was perfectly matched, the low surface area can a result of
not being activated properly, requiring further activation. Then BET surface area and

pore volume of the synthesised MIL-53 are given in Table 13.

Table 13: MIL-53(Al) BET surface area and pore volume

BET surface area
Sample Pore volume (cm?3/g)
(m?g)
MIL-53(Al) 274.0671 0.132130

s Adsorption
a0 - === desorption

80 B e s s S e B AV

70
60
50

40 4

Vol, STP (cm*/g)

30
20 |

10

0 T T ; T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

P/PO

Figure 34: Nitrogen sorption isotherm for MIIL-53(Al)

4.2.8 Brunauer-Emmet-Teller results for UiO-66
The synthesised UiO-66 was degassed overnight at 110 °C under vacuum prior to the
nitrogen adsorption—desorption measurements being taken. Figure 35 shows the
adsorption—desorption isotherm of the UiO-66 under N2 at 77 K. This isotherm is a

type | isotherm, which has a sharp rise at low relative pressure. The isotherm has a
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flat plateau at the range of O

.1-1, and reaches equilibrium at the relative pressure of

1. The pore size distribution of the UiO-66 was plotted using the DFT model based on

the slit-shaped carbon and the adsorption isotherm. See Figure 36. The calculated

BET surface area and pore volume of the UiO-66 is given in Table 14.
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Figure 35: Nitrogen sorption isotherm for UiO-66
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gure 36: Pore size distribution of UiO-66

Table 14: UiO-66 BET surface area and pore volume

BET surface area Pore volume
Sample
(m?/g) (cm3/g)
UiO-66 1476 0.65
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4.2.9 Brunauer-Emmet-Teller results for UiO-67
Prior to the measurements, the sample was degassed overnight at 110 °C under
vacuum. The nitrogen sorption isotherm and pore size distribution for UiO-67 are given
in Figure 37 and Figure 38 respectively. Figure 37 shows a type | isotherms with a
step at the relative pressure at 0.1; it is believed that this step is due to the presence
of two types of pores (octahedral (11.5 A) and tetrahedral (21.5 A))(Katz et al., 2013).
The BET surface area and pore volume of UiO-67 are given in Table 15.
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Figure 37: Nitrogen sorption isotherm for UiO-67
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Figure 38: Pore size distribution for UiO-67
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Table 15: UiO-67 BET surface area and pore volume

BET surface area Pore volume
Sample
(m?/g) (cm3g)
Uio-67 2500 1.21

4.2.10 Brunauer-Emmet-Teller results for C-ZIF-8
As was expected, type | isotherm is without any hysteresis loop (see Figure 39) and
there was an increase in the surface area, from 1200 to 1645 m?/g. The pore size
distribution of the C-ZIF-8 was plotted using DFT model based on slit-shaped carbon,
and is presented in Figure 40. As shown, C-ZIF-8 has both micro- and mesopores, |
at 11 A and 35 A. The calculated BET surface area and pore volume are given in Table

16.
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Figure 39: Nitrogen sorption isotherm for C-ZIF-8
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Figure 40: Pore size distribution for C-ZIF-8

Table 16: BET surface area and pore volume of C-ZIF-8

Sample BET surface area (m?/g) Pore volume(cm?/g)

C-ZIF-8 1645 0.33

4.2.11 Brunauer-Emmet-Teller results for C-MOF-5
Figure 41 shows a type IV isotherm with a concave shape towards P/Po at the
beginning of the isotherm, at which the micropores filling occurs. It then has a linear
isotherm where equilibrium is reached, and in the final region has a convex shape with
a hysteresis loop, which corresponds to the pore filling and emptying of the
mesopores. Figure 42 shows the pore size distribution of the C-MOF-5 having pores
at 8 and 31 A corresponding to micro and mesoporosity of the sample, respectively.
The calculated BET surface area and pore volume of the C-MOF-5 are given in Table

17.
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Figure 42: Pore size distribution for C-MOF-5

Table 17: BET surface area and pore volume of C-MOF-5

BET surface area Pore volume
Sample
(m?/g) (cm3/g)
C-MOF-5 2208 0.95

4.2.12 Brunauer-Emmet-Teller results for C-MIL-100(Fe)

The sample was degassed overnight at 110 °C under vacuum. Figure 43 shows a type

IV isotherm. The isotherm starts with the micropore filling at the low relative pressure
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and a concave shape towards the P/Po. Then, there is a plateau region, and in the
final region there is small hysteresis loop, which indicates the presence of the
mesopores in the structure of the carbonised MIL-100(Fe). Figure 44 shows the pore
size distribution of the C-MIL-100(Fe) calculated from adsorption isotherm applying
the DFT model using SAIEUS software provided by the Micromeritics Corporation.
The pore size distribution indicates the presence of both micro- and mesopores in the
structure of the carbonised MOF. This carbon has pore sizes at 5, 11 and 21 A. The
BET surface area and pore volume of the C-MIL-100(Fe) are given in Table 18. The
very low surface area of the carbonised MOF can be explained as the result of a
change in the surface of the sample after washing with HCI. It is also possible that the
structure of the MOF collapsed during the carbonisation process. The BET surface
area and pore volume of the C-MIL-100(Fe) are given in Table 18.
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Figure 43: Nitrogen sorption isotherm for C-MIL-100(Fe)
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Figure 44: Pore size distribution for C-MIL-100(Fe)

Table 18: BET surface area and pore volume for C-MIL-100(Fe)

BET surface Pore volume
Sample
area (m?/g) (cmd/g)
C-MIL-100(Fe) 105.44 0.25

4.3 Conclusion

The surface area and porosity of all synthesised and carbonised MOFs have been
characterised under nitrogen at 77 using the BET equation and DFT model,
respectively. The results from the measurements illustrate that the carbonised
samples have a similar pore structure to the MOF precursor, as expected. Also, an
increase in the surface area of the carbonised samples has been observed, except in
the case of MIL-100(Fe), which we believe is due to the washing process with HCI; the
surface chemistry of the template has been changed and some of the pores have been

blocked.
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4.4 Elemental Analysis

The morphology structure of the carbonised samples and Pt loaded C-ZIF-8 was

evaluated by SEM coupled with energy dispersive X-ray spectroscopy.

4.4.1 Scanning electron microscopy image of C-ZIF-8
Figure 45 shows the morphology structure of the carbonised ZIF-8. It is observable

that this carbon has the similar structure to the ZIF-8.

1 pm Mag= 1000KX

Figure 45: SEM image of the C-ZIF-8

4.4.2 Scanning electron microscopy image of C-MOF-5
The morphology structure of the carbonised MOF-5 was evaluated with SEM. Figure

46 shows the morphology structure of the C-MOF-5.
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1 um Mag= 10.00K X
Figure 46: SEM image of the C-MOF-5
4.4.3 Scanning electron microscopy image of C-MIL-100(Fe)
Figure 47 shows SEM image of the carbonised MIL-100(Fe). As shown, there are
some light points showing the presence of the traces of Fe in the structure of the
carbon, left over from the MOF precursor. This image shows that the washing process

was not thorough enough.

1 pm Mag= 1000 KX

Figure 47: SEM image of C-MIL-100(Fe)
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4.4.4 Scanning electron microscopy images of Pt/Czir-s

The SEM image of Pt loaded carbons is presented in Figure 48.

Tl S R v ¥ --,-““\’

Figure 48: SEM images of Pt/CZIF-8

4.5 Energy Dispersive Spectroscopy Result for Czirs

The Czir-s was analysed by EDS and the results are given in Figure 49.
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Figure 49: a) SEM image of Czr-s, b) and c) EDS analysis of Czir-s

4.5.1 EDS analysis of Pt/Czirs
The elemental analysis for the Pt loaded on carbonised ZIF-8 is given in Figure 50 and

Table 19. The Pt loaded was not as high as expected, and there were some impurities
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in the sample. The source of the Zn in the sample can be as a result of unsuccessful
carbonisation. The presence of oxygen can be as a result of leak in the furnace during

the carbonisation. This problem can be fixed with purging nitrogen with higher flow

rate.

1 2 3 4 s & 7T & 8 10
Full Scale 1200 otz Cursor: 0516 (103 ct=) ket
Figure 50: EDS analysis of Pt/C-ZIF-8
Table 19: Elemental analysis for Pt/C-ZIF-8
Element Weight% Atomic%
CK 80.04 97.81
SiK 0.77 0.40
CIK 0.62 0.26
Zn K 0.89 0.20
Pt M 17.69 1.33
Total 100.00 100.00

4.5.2 Energy dispersive spectroscopy result for Pt/Vulcan
Figure 51 and Table 20 show elemental analysis data for the Pt loaded on Vulcan. As

it is shown in Table 20, the amount of Pt loaded was 20%, as expected.
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Figure 51: EDS analysis data for Pt/Vulcan

Table 20: Elemental analysis data for Pt/Vulcan

Element Weight% Atomic%
CK 73.18 92.13
OK 6.67 6.31
Pt M 20.15 1.56

Totals 100.00 100.00

4.5.3 Energy dispersive spectroscopy results for CMOF-5

Figure 52 shows the elemental analysis for carbonised MOF-5. As shown in Table 21,

the carbonisation has processed perfectly and all the zinc in the structure of the MOF

evaporated.
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Figure 52: EDS analysis for C-MOF-5

112



Table 21: Elemental analysis data for C-MOF-5

Element Weight% Atomic%
CK 89.91 92.23
OK 10.09 7.77

Totals 100.00 10.00

4.5.4 Energy dispersive spectroscopy results for C-MIL-100(Fe)
Figure 53 and Table 22 show the elemental analysis data for carbonised MIL-100(Fe).
As it is shown in Table 22, there are some traces of iron in the structure of the carbon,

which is due to insufficient washing during the carbonisation.
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Figure 53: Elemental analysis for C-MIL-100(Fe)

Table 22: EDS analysis for C-MIL-100(Fe

Element Weight% Atomic%
C 90.86 92.23
(0] 7.91 7.77
Fe 1.23 0.27

Totals 100.00 10.00

455 Transmission Electron Microscopy Results
Figure 54 shows morphology of the Pt/Czr-s. The Pt loaded homogenously on the Czi-
g and was not agglomerated, and the particle size of the Pt seems to have be small

enough to not to cover the support.

113



Figure 54: TEM images of Pt/czir-s
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Chapter 5

5 Electrochemical Analysis

The electrochemical behaviour of the samples was measured using PEMFC and

supercapacitors.

5.1 Electrochemical Surface Area
The Pt electrochemical surface area of Pt/Czirs and Pt/VVulcan was calculated from the

hydrogen adsorption charge (Qwn) of the CV, shown in Figure 55.
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Figure 55: Comparison of CVs obtained from Pt/CZIF-8 and commercial Pt/Vulcan

Hydrogen adsorption charge Qw for Pt/VVulcan was 1.641mC, so:

1.641x103

- ] x 10°
210 puC cmpr? 20%10-3 mgpicm2 0.2475(cm?)

ECSA Pt,cat = [

ECSA pt, cat=105.26 m2/g
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hydrogen adsorption charge Qu for synthesised Pt/Czr-s calculated from the

negative going potential scan was 109.8 uC, so:

109.8 x 10-6
210 uC cmpi2 20 x 10-3 mgricm2 0.2475(cm?2)

ECSA Pt, cat = [ ] x 105

ECSA pt, cat=10.58 m2/g

The low electrochemical surface area of the Pt/Czir-s can be a result of not having
well-dispersed Pt on the carbon support. It is also possible that not all the Pt was
accessible due to the small pores in the support. The other possible reason could be

Pt particle size, which was bigger than the commercial size.

5.2 Oxygen Reduction Reaction Results

The comparison results of an anodic sweep of the ORR polarisation curves at 1600
rpm are illustrated in Figure 56. The ORR polarisation curve obtained for commercial
Pt/Vulcan has a single reduction wave, and the limiting current density plateau is well
developed. The ORR polarisation curve or Pt/Czr-s also has a single reduction curve;
however, there are some avoidable noise disturbs on the curve, which could be due

to bad contact of the working electrode to the rotator.
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Figure 56: Comparison of the ORR polarisation curves of the commercial Pt/Vulcan and synthesised Pt/Czir-s at

the rotation rate of 1600 rpm

The Koutecky-Levich plot was derived from all the rotation rates 400, 800, 1200
and 1600 rpm and the intercept (1/A1) was derived from the Koutecky-Levich plot of
the ORR polarisation curves with rotation rates at potential 0.9 V. The intercept for
Pt/Vulcan was 339.1 AL,

The intercept (1/I'Y) derived from the polarisation curve at potential 0.9 V for
Pt/Czir-s was 9.894* 102 AL. By applying the kinetic current in Equation 11, the specific

capacitance for Pt/Vulcan and Pt/ Czir-s was calculated, and is presented in Table 23.

2.95*10°3
1.092*103/210 pC cmp(?

Pt/Vulcan: s (WA cmpt?) =

Is =567.307 (HA Cmp{z), Pt/CzF.s:

A e ?) 1.01*10
s (WA CMPC®) = 156 8105/210 G ompe?
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Is = 193.190(HA cmpr?).

Table 23: Comparison of kinetic current (Ik) and specific capacitance (lIs) of the commercial Pt/Vulcan and
Pt/CZIF-8

Pt/Vulcan 567.3076923
(Sigma-Aldrich) 339.1 0.00295 0.001418
Pt/Czir-s 9894 0.000101 0.0001098 193.1905126

The specific activity of the synthesised catalyst is lower than the commercial one,

which is as a result of a lower electrochemical surface area in the former.

5.3 Durability Test

The durability of the prepared catalyst was evaluated by measuring the change in the
double layer capacitance from the catalyst support as a function of cycling numbers.
The change of double layer capacitance of catalyst support for synthesised and
commercial supports is illustrated given in Table 24 and Table 25 respectively as a
function of cycling numbers.

Figure 57 shows the change of double layer capacitance as a function of cycling
numbers. Increase in capacitance means an increase in oxygenated functional groups
on the surface of the sample. As shown in Figure 57, the synthesised carbon had a
larger change in capacitance in comparison to the Ketjen carbon, which may have
been a result of the high BET surface area of the Czr-s, which showed lower stability

compared to the commercial carbon supports.
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Table 24: Double Iaier caiacitance and normalised double Iaier caiacitance of the Pt/CZIF-8

8x107° 2.96 x 1074 8.0.2 0
1.01 x 10~ 3.69 x 1074 100 10
1.26 x 10~* 460 x 107* 124.75 100
1.40 x 1074 511 x 1074 138.61 200
1.07 x 10~* 3.90 x 10~* 105.84 500
1.92 x 1074 7.01 x 10~* 190.09 1000

Table 25: Double Iaier caiacitance and normalised double Iaier caiacitance of the commercial Ketjen black

double layer capacitance normalised

3.90 x 10°5 1.58 x 10~* 72.49 0
5.38x 107° 2.18 x 107 100 10
2.10 x 10~5 8.50 x 104 39.03 100
6.38 x 107° 2.58 x 10~ 118.58 200
7.06 x 1075 2.86 x 1074 131.22 500
8.44 x 107° 3.42 x 107* 156.87 1000
—=—CZIF-8
200 == Ketjen black
180

T T T T T T T T T T T
0 200 400 600 800 1000
number of cycles

Figure 57: Change of double layer capacitance of catalyst support as a function of cycling numbers

5.4 Supercapacitor Results

5.4.1 CZIF-8 cyclic voltammetry
The specific capacitance of the CZIF-8 was measured using CV in the potential

window of 0-0.8 V at different sweep rates; 5, 20, 40, 60, 80, 100, 200, 300,4 00 and
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500 mV s, Figure 58 shows the mirror symmetric and stable CV curves, confirming

the stability of the carbon.
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Figure 58: Cyclic voltamoogram for CZIF-8 at different sweep rates

5.4.1.1 Galvanostatic charge-discharge
The Galvanostatic charge—discharge curve of the carbonised ZIF-8 was measured at
the potential window of 0-0.8 V at the current density of the 0.1 A g1, and the results

are provided in Figure 59. The specific capacitance of C-ZIF-8 was calculated using

the discharge time.
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Figure 59: Cyclic charge—discharge curve of C-ZIF-8 at 0.1 A g*

The specific capacitance was calculated from Equation 13 as follows:

m = 0.003315g, AV = 0.8V, | = 3.315 x 10 (A)

o I At

m X %4
C = 3315x10"*x 063
= . X —
0.8

¢ =70.375 Fg'

The calculated specific capacitance is much higher than the previous study by (Young

et al., 2016) in which they obtained the result of 56.8 F g, and the commercial

graphite. This result shows that the carbonised ZIF-8 can be a potential substitute for

commercial carbon.
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5.4.2 CMOF-5

5.4.2.1 Cyclic voltammetry
The CV of the C-MOF-5 was performed at potential window of -1-0 V at different
sweep rates; 5, 20 ,40, 60, 80, 100, 200, 300, 400 and 500 mV s. Figure 60 shows

the CV curve for this MOF, which is not as stable as C-ZIF-8.
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Figure 60: CV of C-MOF-5

5.4.2.2 Charge discharge
The galvanostatic charge—discharge curve for C-MOF-5 at current density of 0.25 A g
1 at the potential window of -1-0 is shown in Figure 61. The specific capacitance was

calculated using Equation 13.
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Figure 61: Galvanostatic charge-discharge at current density of 0.25 A g!

The specific capacitance was calculated from Equation 13 as follows:

m=4.4x 10~3g, AV = 1V, | = 1.1 x 103 (A).

I At
= — X —
m V

639
C=025XT

€ =159.75 Fg*!

The calculated specific capacitance for C-MOF-5 is much higher than the
commercial carbon. It is also comparable to the previous study by (Hu et al., 2010), in
which they yielded 72 F g. This result shows that CMOF-5 with both micro- and

mesopores can be a good alternative to the commercial graphite carbons.
5.4.3 C-MIL-100(Fe)

5.4.3.1 Cyclic voltammetry
The specific capacitance of the C-MIL-100(Fe) was measure using CV in the potential

window of -1-0 V at different sweep rates; 1, 2, 5, 10, 20, 50, 100, and 200 mV s, As
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shown in Figure 62, the cyclic voltammograms are not stable as was expected. This

result indicates that this carbon cannot be a substitute for the commercial carbons.
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Figure 62: CV of C-MIL-100 at different sweep rates

5.4.3.2 Galvanostatic charge-discharge

Figure 63 shows the cyclic charge—discharge curve for C-MIL-100(Fe). The

galvanostatic charge—discharge of the C-MIL-100(Fe) was performed at the potential

window of -0.25-0.4 V, and the specific capacitance at the current density of 0.01 A g

! was calculated using Equation 13.
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Figure 63: Galvanostatic charge—discharge for C-MIL-100 at 0.01A g
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The specific capacitance for CMIL-100(Fe) exhibited very low value. This can be
due to the very low surface area of the CMIL-100, showing that this carbon is not a

good substitute for the commercial one.

5.5 Conclusion

The results obtained from the electrochemical measurements reveal that the MOF-
derived carbon can potentially be good substitutes for the supercapacitors, and the
best results are obtained from the carbon with both micro- and mesopores in their
structures. However, these carbons do not have a good performance in PEMFC
industries, as the Pt loading blocked some of the pores of the carbons, hence

decreased electron transfer.
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Chapter 6

6 Immersion Calorimetry Results

In order to evaluate the adsorption abilities of the selected MOFs, they were

characterised by immersion calorimetry using Setaram Tian-Calvet C80D calorimeter.

For more accuracy, each sample was measured twice and the average of the results

was used in this research.

To calculate the heat of adsorption of the Xylene isomers on different MOFs

and MOF-derived carbons, the area under the curve of heat exchange was integrated,

and by applying the Antoine equation, the final result was calculated. The properties

of xylene isomers are given in Table 26.

Table 26: Xilene isomer iroierties

(dw)

Density (g/cm?3) 0.88 0.86 0.86
A (component-specific
7.14914 7.1815 7.15471
constants)
B (component-specific
1566.59 1573.0243 1553.95
constants)
C (component-specific
222.671 226.671 225.23
constants)
AH vap. (kJ mol?) 45 43 41
T experiment (°C) 30 30 30
Kinetic diameter (nm)
0.74 0.71 0.67
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6.1 HKUST - Calorimetry Measurements

Commercial HKUST purchased from Sigma-Aldrich was used to study the adsorption

behaviour oh HKUST in xylene isomers.

6.1.1 HKUST in O-Xylene
Figure 64 shows the amount of heat released from the adsorption of the O-xylene on
HKUST. The heat of adsorption was calculated and is given in Table 27 from the area

under the curve.
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Figure 64: Heat of adsorption released from HKUST-1 in O-xylene

The measured amount of O-xylene adsorbed by HKUST was measured and
plotted against the time, and from the integration of the area under the curve, the
amount of the O-xylene adsorbed on the HKUST was calculated. The results are given

in Table 27.

6.1.2 HKUST in M-Xylene

Figure 65 shows the heat of adsorption released from HKUST immersed in M-xylene.
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Figure 65: Heat of adsorption released from HKUST in M-xylene

6.1.3 HKUST in P-Xylene
Figure 66 shows the adsorbed amount of the P-xylene on the commercial HKUST-1.

The heat of adsorption was calculated from the area under the curve.
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Figure 66: Heat of adsorption released from HKUST in P-xylene

6.1.4 Table of calorimetry data
Table 27 shows the details of the experiments and the calculated heat of adsorption

of HKUST-1.
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Table 27: Exierimental details of the HKUST-1 calorimetri in xilene isomers

mi 8.8008 8.6882 8.8133

m2 8.9043 8.7883 8.9184

ms 9.0108 8.8772 8.994

my 8.9932 8.8597 8.9754

ms 1.6211 1.5794 1.7656

me 2.027 2.082 2.2477

Degassed weight (g) 0.0859 0.0826 0.0865

Liquid mass (g) 0.4059 0.5026 0.4821
Liquid volume. (mL) 0.46125 0.584419 0.560581
Liquid volume (L) 0.000461 | 0.000584 0.000561
Po (mmHg) 8.892463 | 11.29633 11.64877
Po (atm) 0.011701 | 0.014864 0.015327
Moles dissolved evap. 2.17E-07 3.49E-07 3.46E-07
Heat of evaporation (mJ) 9.769793 15.02603 14.17154

Released heat (J/g) 187.265 205.771 145.96
Released heat mJ) 16086.06 16996.68 12625.54
Heat of adsorption (mJ) 16095.83 17011.71 12639.71
Heat of adsorption (J/g) 187.3787 205.9529 146.1238

The calculated results for adsorption of the xylene isomers on the HKUST show that
this molecule adsorbed a large amount of xylene isomers; however, this amount is
slightly higher for the meta xylene isomer, which can be due to the interaction with the

open metal sites of this MOF.

6.2 ZIF-8 Calorimetry Measurements

6.2.1 ZIF-8in O-xylene
The heat of adsorption of O-xylene on ZIF-8 was calculated from the area under the
curve of the released heat, as shown in Figure 67. The calculated heat of adsorption

of all xylene isomers for ZIF-8 is given in Table 28.
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T T T

50 100
Time(min)

6.2.2 ZIF-8in M-Xylene

150

1
200

Figure 68 reveals the amount of heat released during the adsorption of the M-xylene

on ZIF-8.

1.0 4

0.8

0.6+

0.4+

Heat Flow (mW)

0.2 1

0.0+

= ZIF-8-M-XYLENE|

Figure 68: Heat of adsorption released from ZIF-8 in M-xylene

T
0 50 100

Time (min)

T
150

T
200

1
250

130



6.2.3 ZIF-8in P-xylene
Figure 69 reveals the amount of heat released during the adsorption of the P-xylene

on ZIF-8. The heat of adsorption has been calculated from the area under the curve.
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Figure 69: Heat of adsorption released from ZIF-8 in P-xylene

6.2.4 Table of calorimetry data
The details of the experimental results of the adsorption selectivity for ZIF-8 are given
in Table 28. The comparison of the adsorbed heat of different isomers of the xylenes
by ZIF-8 reveals that the pores of this MOF have adsorbed at a very low volume xylene
molecules, which shows there is no accessibility for the molecules of xylene isomers
to the pores of ZIF-8. This result can be explained due to the small pore aperture (0.34

nm) of the ZIF-8, which does not allow xylene isomers to pass through.

131



Table 28: Exierimental detailsof the ZIF-8 adsorition of xilene isomers

mi 8.6309 8.7258 8.6427
m2 8.7293 8.8241 8.7342
ms 8.7857 8.9483 8.8498
m4 8.7844 8.9478 8.8493
ms 1.7645 1.5454 1.5961
ms 2.1746 1.903 2.0091
Degassed weight (g) 0.0971 0.0978 0.091
Liguid mass (g) 0.4101 0.3576 0.413
Liquid volume (mL) 0.46602273 | 0.41581395 | 0.48023256
Liquid volume (L) 0.00046602 | 0.00041581 | 0.00048023
Po (mmHQ) 8.89246286 | 11.2963299 | 11.6487669
Po (atm) 0.01170059 | 0.01486357 0.0153273
Moles dissolved evap. 2.1935E-07 | 2.4863E-07 | 2.9611E-07
Heat of evaporation (mJ) 9.87088477 | 10.6910237 | 12.1403114
Released heat (J/g) 8.187 8.032 22.95
Released heat mJ) 794.9577 785.5296 2088.45
Heat of adsorption (mJ) 804.828585 | 796.220624 | 2100.59031
Heat of adsorption (J/g) 8.2886569 8.14131517 23.08341

6.3 UiO-66 Immersion Calorimetry Measurements

6.3.1 UiO-66 in O-xylene

The heat of adsorption of O-xylene on UiO-66 was recorded and plotted against time

(Figure 70), and the amount of heat of adsorption was calculated from the area under

the curve.
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Figure 70: Released heat from the adsorption of O-xylene on UiO-66

6.3.2 UiO-66 in M-xylene
Figure 71 shows the amount of heat released from the adsorption of the M-xylene on
UiO-66. The value of the heat of adsorption has been calculated from the area under

the curve.
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Figure 71: Released heat from the adsorption of M-xylene on UiO-66
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6.3.3 UiO-66 in P-xylene
Figure 72 illustrates the amount of heat released from the adsorption of the P-xylene
on UiO-66. The heat of adsorption for the all isomers of xylene was calculated and
corrected with regards to the Antoine equation, and the results are provided in Table

29.

= JiO-66-P-Xylene
18 4

16 -
14 4
12 4

104

Heat Flow (mW)

1 T 1 1
0 50 100 150 200 250
Time (min)

Figure 72: Heat of adsorption released from UiO-66 in P-xylene

6.3.4 Table of calorimetry data
The details of the experiments and the calculated results for the UiO-66 samples are
given in Table 29. The amount of xylene adsorbed on the UiO-66 shows that the
adsorption selectivity of this MOF for O-xylene and M-xylene is higher than the P-
xylene. These results show the reverse shape selectivity of UiO-66 for xylene
adsorption. As can be seen, UiO-66 has shown reverse shape selectivity, which can

be due to the place of the methyl group in the structure of the molecule
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Table 29: Exierimental details of the UiO-66 adsorition of xilene isomers

mi 8.7044 8.655 8.7908
m2 8.8083 8.7401 8.8883
ms 8.9713 8.9306 9.024
ma 8.9583 8.9203 9.0123
ms 1.7815 1.524 1.6238
me 2.259 1.7702 2.0032
Degassed weight (g) 0.0909 0.0748 0.0858
Liquid mass (g) 0.4775 0.2462 0.3794
Liquid volume (mL) 0.542613636 0.28627907 0.441162791
Liquid volume (L) 0.000542614 0.000286279 0.000441163
Po (MmHQ) 8.892462861 11.29632985 11.64876695
Po (atm) 0.011700594 0.014863572 0.015327305
Moles dissolved evap. 2.55404E-07 1.71175E-07 2.72015E-07
Heat of evaporation (mJ) 11.49316625 7.360542583 11.15262501
Released heat (J/g) 111.72 109.84 101.732
Released heat mJ) 10155.348 8216.032 8728.6056
Heat of adsorption (mJ) 10166.84117 8223.392543 8739.758225
Heat of adsoption (J/g) 111.8464375 109.938403 101.861984

6.4 UiO-67 Immersion Calorimetry Measurements

6.4.1 UiO-67 in O-xylene

Figure 73 shows the amount of heat of adsorbed of O-xylene on UiO-67.
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Figure 73: Heat of adsorption released from UiO-67in O-Xylene
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6.4.2 UiO-67 in M-xylene

The heat of adsorption of the M-xylene on UiO-67 is illustrated in Figure 74.
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Figure 74: Heat of adsorption released from UiO-67 in M-xylene
6.4.3 UiO-67 in P-xylene
Figure 75 illustrates the amount of P-xylene adsorbed on the UiO-67. The heat of
adsorption for all the isomers of xylene was calculated and corrected with regards to

the Antoine equation. Results are provided in Table 30.
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Figure 75: Heat of adsorption released from UiO-67 in P-xylene
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6.4.4 Table of calorimetry data

The details of the experimental results of the adsorption selectivity for UiO-67 are

given in Table 30.

Table 30: Experimental details of the UiO-67 adsorption of Xylene isomers

mi 8.6193 8.4686 8.7151

mz 8.705 8.5392 8.7949

ms 8.791 8.6685 8.8659

M4 8.7858 8.6622 8.8603

Ms 1.7001 1.5186 1.3823

Mme 2.1512 1.9539 1.743

Degassed weight (g) 0.0805 0.0643 0.0742

Liguid mass (g) 0.4511 0.4353 0.3607
Liquid volume (mL) 0.51261364 0.506163 0.4194186
Liguid volume (L) 0.00051261 0.000506 0.00041942
Po (MmHQ) 8.89246286 11.29633 11.6487669
Po (atm) 0.01170059 0.014864 0.0153273
Moles dissolved evap. 2.4128E-07 3.03E-07 2.5861E-07
Heat of evaporation (mJ) 10.8577326 13.01399 10.6029305

Released heat (J/g) 147.574 7.234 142.173
Released heat (mJ) 11879.707 465.1462 10549.2366
Heat of adsorption (mJ) 11890.5647 478.1602 10559.8395
Heat of adsorption (J/g) 147.708879 7.436395 142.315897

The results calculated for the adsorption selectivity of the UiO-67 reveal that this

molecule is better in adsorbing O-xylene and P-xylene than M-xylene. These results

show that this MOF can be used for the separation of o-xylene and p-xylene.

6.5 C-UiO-66

Since UiO-66 showed reverse shape selectivity, we decided to run the test for the

carbonised sample and compare the results with the original MOF to see whether or

not the MOF keeps its reverse shape selectivity after carbonisation as well.
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6.5.1 C-UiO-66 in M-xylene
Figure 76 shows the amount of m-xylene adsorbed on C-UiO-66. The heat of
adsorption of the C-UiO-66 was calculated from the area under the curve of the
released heat and was corrected with regards to the Antoine equation. The details are

given in Table 31.
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Figure 76: Heat of adsorption released from C-UiO-66 in M-xylene

6.5.2 Table of calorimetry data
The full details of the experimental results for the adsorption selectivity of the C-UiO-
66 are given in Table 31. The very low value of the heat of adsorption for the
carbonised UiO-66 reveals that this carbon does not have accessible pores to the m-
xylene. Since there was no accessibility for the M-xylene to enter to the pores of C-

UiO-66, the experiment was not repeated for other isomers.
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Table 31: Exierimental details of the C-UiO-66 adsorition of xilene isomers

mi 8.668
m2 8.7676
ms 8.8518
M4 8.851
ms 1.6935
me 2.0639
Degassed weight (g) 0.0988
Liquid mass (g) 0.3704
Liguid volume (Sopian and Wan Daud) 0.430697674
Liquid volume (L) 0.000430698
Po (mmHg) 11.29632985
Po (atm) 0.014863572
Moles dissolved evap. 2.57528E-07
Heat of evaporation (mJ) 11.07370013
Released heat (J/g) 4.245
Released heat mJ) 419.406
Heat of adsorption (mJ) 430.4797001
Heat of adsorption (J/g) 4.357081985

6.6 C-HKUST

6.6.1 C-HKUST in M-xylene
The amount of released heat from the adsorption of the M-xylene on HKUST is
illustrated in Figure 77. The very low heat of adsorption of the m-xylene on HKUST
shows there is no accessibility to the pores of the HKUST, hence the experiments

were not repeated for the other isomers.

6.6.1 Table of calorimetry data
The full details of the experimental results for the adsorption selectivity of the C-
HKUST are given in Figure 77. The very low value of the heat of adsorption for the
carbonised HKUST reveals that this carbon does not have accessible sites to the m-
xylene. Since there was no accessibility for the m-xylene to enter to the pores of C-

HKUST, the experiment was not repeated for other isomers.
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Figure 77: Heat of adsorption of C-HKUST

Table 32: Experimental deails of the dasorption of M-xylene on C-HKUST

mi 8.5896

m2 8.676

ms 8.7931

m4 8.793

ms 1.7092

ms 2.152
Degassed weight (g) 0.0863
Liquid mass (g) 0.4428
Liguid volume (mL) 0.514884
Liquid volume (L) 0.000515
Po (mmHQ) 11.29633
Po (atm) 0.014864
Moles dissolved evap. 3.08E-07
Heat of evaporation (mJ) 13.23821

Released heat (J/g) 2.71

Released heat mJ) 233.873
Heat of adsorption (mJ) 247.1112
Heat of adsorption (J/g) 2.863398
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6.7 Conclusion

The comparison of all calorimetry results show that the highest heat of adsorption
belongs to the adsorption of M-xylene on to the HKUST-1. Considering the dimensions
of the xylene isomers, where P-xylene is the smallest and O-xylene is the biggest
isomer, we were expecting to gain the highest adsorption of P-xylene. For this reason,
we decided to make a replica from HKUST and compare the result of the replica with
the original MOF, where we observed no adsorption occurring on the replica sample.
Since UiO-66 showed the reverse shape selectivity for the adsorption of xylene
isomers, we decided to try the test for the replica of UiO-66 as well, which resulted in
no adsorption on the replica of UiO-66. In addition, the results reveal that UiO-67 is
more favourable for adsorbing O-xylene and P-xylene, hence can be applied for the

separation of these isomers.
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Chapter 7

7 Conclusion

Different MOFs with different pore structures were synthesised and characterised
used PXRD and BET. The comparison of the PXRD results of the synthesised
samples were in agreement with the simulated data, illustrating the crystalline
structure and successful synthesis of MOFs.

The BET surface area of the synthesised MOFs and MOF-derived carbons was
measured under nitrogen at 77 K using the BET method. The surface area of the ZIF-
8 was as high as 1588 m?/g, which is higher than the reported data in the literature
(1173 m?/g) (Pan et al., 2011). The surface area for Ni-MOF-74 was obtained as 1135
m2/g, which is in agreement with the literature. MIL-100(Fe) surface area was
calculated as 1645 m?/g, which matched with the value reported in the literature (1343
m2/g) (Jeremias et al., 2012). However, the surface area obtained for MIL-53(Al) was
274 m?/gr, which is lower than the value reported in the literature (1163 m?2/gr)
(Karikkethu Prabhakaran and Deschamps, 2015). MIL-110(Al) also revealed a very
low surface area (452 m?/g); it was expected to be 1400 m?/g as reported in the
literature (Volkringer et al., 2007) As the PXRD patterns for both MIL-53(Al) and MIL-
110(Al) were in agreement with the simulated data, the low surface areas for these
MOFs can be as a result of having some solvents trapped in the pores of the MOFs,
which can be removed by further activation. This process will be conducted in future

work.
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The EDS results obtained from the microwave-assisted synthesise method did not
show the homogenous loading of the Pt, which then improved by applying different
method suggested by (Yang et al., 2003). The elemental analysis of the Pt loaded
carbon following this method illustrated the homogenous loading of Pt on both
carbonised MOF and Vulcan.

So far, we can conclude that the synthesis and activation method for MIL-53(Al)
and MIL-110(Al) needs to be improved, and the characterisation of these MOFs needs
to be recalculated to obtain an acceptable result.

In addition, the results from fuel cell test show that these materials are not the best
support materials for fuel cell application and potentially can be good support materials
for Li-ion batteries and supercapacitors applications. The results from the TEM show
that there was no agglomeration of the Pt on the support, and they were dispersed
well. However, the low ECSA of the Pt/Czr-s could be due to the non-homogenous
platinisation of the carbons. Also, we believe that since the CZIF-8 has micropores,
the Pt coating could have blocked them, preventing the electrons from flowing easily.
On the other hand, the MOF-derived carbons had better performance as electrodes in
the supercapacitors tests. The specific capacitance calculated from cyclic charge—
discharge for Czrs and Cwmors was higher than that of the commercial carbon;
however, the C-MIL-100(Fe) did not show any good result, which we believe is due to
the very low surface area of that carbon.

Finally, the adsorption ability of ZIF-8, HKUST, UiO-66 and UiO-67 was
evaluated using the immersion calorimetry technique. ZIF-8 had the lowest interest of
adsorption of xylene isomers due to the narrow pore aperture, which is smaller than
the kinetic diameters of all xylene isomers. HKUST-1 gained the highest value for the

heat of adsorption; however, the replica of this MOF did not adsorb any xylene isomer.
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UiO-66 and UiO-67 also showed good performance in the adsorption of the xylene
isomers. However, UiO-66 showed a reverse shape selectivity, which encouraged us
to make the replica and assess its adsorption ability. The replica did not show any
adsorption capability, which we believe is due to the change in the surface chemistry

of the MOF after carbonisation.
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Chapter 8

8 Recommendations for Future Study

The main goal of this study was to evaluate the effect of the microporosity of the carbon
materials used in electrocatalysts and electrodes on the performance of fuel cells and
supercapacitors. We also aimed to evaluate the adsorption ability of the MOFs and
MOF-derived carbons. Different MOFs with different pore sizes were thus synthesised,
characterised and carbonised. In case of the fuel cell measurements, the sample was
loaded with Pt; however, there was some difficulties at the stage of catalyst
preparation, which need to be rectified as a part of the future works. It is recommended
that the platinisation of the carbonised MOFs be optimised. As these carbons have
micropore structures, it is crucial to apply the platinisation in a way that the pores do
not got blocked with the Pt particles. Also, it is recommended that MOF-derived
carbons be synthesised with both micro- and mesopore structures to enhance the
electrochemical behaviour of these MOFs. It is recommended that the conductivity of
the MOF-derived carbons be evaluated with respect to the mechanism of the
carbonisation, and the result optimised by choosing the best MOF precursor
considering the pore structure of the MOF. Overall, this research can be expanded by
the synthesis and characterisation of nhew MOFs and their polymerisation, and
applying them in the other fields of the electrochemical devices such as I-ion batteries
to optimise the performance of such devices. Moreover, it is recommended that the
pore size structure of the MOF-derived carbons be controlled by controlling the

carbonisation process to enhance the adsorption ability of these materials. It is
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possible to control the pore structure of the carbon by choosing the appropriate MOF,
so this property of the MOFs can be used for the separation studies using adsorption

phenomena.
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