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INVESTIGATION OF GRAIN SIZE EFFECTS
ON THE DIFFUSION RATE OF
NANOPOROUS METAL ORGANIC FRAMEWORKS

SUMMARY

Energy need of the world is constantly increasing whereas the sources that we use for
energy consumption are assumed to come an end, soon. For this reason, new energy
sources has been being searched to find appropriate candidates in the usage purpose of
transportation area, instead of using the conventional energy production methods.

Hydrogen is a promising energy carrier to use in mobile applications, because of its
high energy content. Nevertheless, the storage of hydrogen in vehicles is still a problem
to be solved. Therefore, several methods developed to overcome this issue. These
methods can be grouped into two categories as physical and chemical methods.

One remarkable method in the physical methods is physisorption. In this method
hydrogen is stored at the surface of host materials. Therefore, the effective force for
the adsorption, mostly depends on van der Waals interactions between the surface and
the hydrogen molecule. The binding strength of hydrogen molecules to surfaces of
a surface is called as heat of adsorption. Heat of adsorption of a porous material
increases as the pore size decreases because of overlapping mechanism of van der
Waals interactions of pore walls in structure, in other words, adsorption enthalpy
becomes strong in small pores.

Metal-organic Frameworks (MOFs) have been being used to store hydrogen by
physisorption mechanism. MOFs are constructed by attaching metal nodes and organic
linkers to each other to form porous structure. They offer ease of control over the pore
size, pore shape, and electronic environment of the pores by varying the metal nodes
and/or linkers. Therefore, they draw great attention of researchers within the porous
material area.

One of the targets in the studies of MOFs is, the enhancement of loading and unloading
times. This characteristic of MOFs is mostly related with pore sizes and apertures (if
exist) in MOFs. Nevertheless, large pore sizes cause low H; uptake. Therefore, an
optimization should be made in the design of metal-organic frameworks.

In this work, two different powders of [ZnsBry(BBTA);] (MFU4.Br-1 and
MFU4.Br-2) -that they have similar physical and chemical properties with
[Zns5Cl4 (BBTA);] (MFU4)-, have been studied. They are possessing different grain
size distributions as homogenous and bimodal, leading average grain size as large and
small. The adsorption measurements have been performed at different temperatures
with Sieverts’ type PCT-Pro2000 manometric device. Scanning electron microscopy
has been utilized to characterize the shape and the grain size of both powders. These
results have been used for calculating the diffusion coefficient and the activation energy
for the diffusion. XRD measurements have been performed to gather the information
about the crystal structure and the chemical composition of the powders.
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In summary, it has been found that the aperture in MFU4.Br structure has strong kinetic
blocking effect against H, diffusion in the samples that it is stronger in large grains
than small grains. Additionally, this kinetic blocking effect leads where the uptake
isotherms of the samples will be reversible. The small pores and/or apertures in the
MFUA4.Br structure are responsible for almost constant high heat of adsorption.
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NANO GOZENEKLI METAL ORGANIK YAPILARDA
TANE BOYUTUNUN DIFUZYON HIZINA ETKISi

OZET

Diinya enerji ihtiyac1 gittikce artmakta ve buna karsin enerji ihtiyacimizi
karsiladigimiz geleneksel enerji kaynaklar1 doga i¢in zararli oldugu bilinmekte ve
listiine ustliik geleneksel enerji kaynaklar tilkenmektedir. Bu sebeplerden dolayi
geleneksel enerji kaynaklar (fosil yakitlar) yerine yenilenebilir enerji kaynaklar
aragtirtlmakta, arastirmanin uygulama alanlarindan biri olarak ulagim sektoriiniin
petrol bagimlilifim alt edecek yeni yontemler gelistirilmesi amaglanmaktadir. Bu
baglamda, enerji yogunluguna gore diger alternatiflerinden istiin olan hidrojenin,
mobil araclarda yakit olarak kullanimi giindeme gelmistir. Hidrojenin iistiin enerji
yogunluguna ragmen depolanmasi sorunu bugiin onun ticari olarak ulagim sektoriinde
kullanilmasinda karg1 karsiya oldugumuz en biiyiik sorundur.

Hidrojenin depolanmasi amaciyla, ¢esitli yontemler gelistirilmekte ve bu yontemler-
den herhangi birinin Amerika Birlesik Devletleri Enerji Departmani (Department of
Energy) tarafindan, ortalama agirliktaki bir ulasim aracinin ihtiya¢ duyacagi hidrojen
miktarma (voliimetrik ve gravimetrik) gore belirlenen depolama hedeflerine ulagsmasi
amaclanmaktadir. Hidrojen depolama, fiziksel ve kimyasal yontem olmak iizere iki
grup altinda incelenmekte, kimyasal depolama, iceriginde hidrojen bulunan hidratlarin
sicaklik ile ayrigtiritlmasi sonucu hidrojenin kullanilmas: temeline dayanmakta ancak
ayristirma islemi bazi hidratlar icin yiiksek sicakliklar gerektirmekte ve hatta bu
yiiksek sicakliklar yakit pilinin ¢alisma sicakliklarimi astigindan dolay1 bu yondeki
arastirmalar hidrojenin kimyasal olarak depolanmis malzemeden salinma sicakligini
diisiirecek bir yontem bulunmasi yoniinde devam etmektedir.

Hidrojenin fiziksel depolanma yontemlerinden biri olarak yiiksek basinca dayanimh
kompozit tanklarda depolanmasi denenmekte, ancak bu yOntemin ulagim araci
icerisinde yakitin iletim hatlarindaki yiiksek basing farkliliklarindan dolay1 giivenlik
sorunu teskil edebileceginden, heniiz ulasim araclarinda kullanimi yoniinde bir
uygulamaya gidilmemis olup bu konudaki arastirmalar devam etmektedir. Bunun yani
sira, kriyojenik sicakliklarda ve boylece diisiik basinglarda hidrojenin depolanmasi
amaclanmig, ancak bu yontemde hidrojeni sivilastirma prosesinin biiyiik enerji ihtiyaci
doguracagindan ve ¢evreden tanka dogru akan 1sinin hidrojeni gaza doniistiirmesi ve
bu gazin ventilasyon ile disar1 atilmasi ihtiyac1 oldugundan, hidrojenin bu yontemle
depolanmasi diisiik verim oranlarina sebebiyet vermistir.

Fiziksel yontemlerden bir digeri olarak adsorpsiyon ile hidrojenin malzeme
yiizeylerinde depolanmasi son yillarda arastirmacilarin dikkatini cekmektedir. Yiiksek
kapasitede depolama saglanmasi i¢in Oncelik genis malzeme yiizey alani yaratmak
ve boylece hidrojen molekiiliiniin depolanabilecegi bolgeler olusturmaktir.  Bu
sebeple, daha once filtrasyon alaninda kullanilan gézenekli yapilar, zeolitler, denenmis
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ancak yapilarinda modifikasyon imkan ¢ok fazla tanimadigindan yeni bir gozenekli
malzeme sinifi ihtiyaci ¢cikmistir. Bunun iizerine metal-organik kafesler kesfedilmis ve
hidrojen depolanmasi1 amaci ile ¢esitli yapilarda ve kimyasal bilesiklerde iiretilip test
edilmektedir. Metal-organik kafesler, metal bilesiklerin olusturdugu diigiim noktalari
ve bu diigiim noktalarini birbirine baglayan organik zincirlerin cesitli yonlerde
birbirlerine baglanmalar1 sonucu olusturduklar1 -hidrojenin depolanmasi amaclanan-
gozeneklerden meydana gelmektedir. Bu gozeneklerin ylizey alami, biiyiikligii, ve
elektronik ortami1 onlar1 olusturan metal diigiim ve organik zincirlerin degistirilmesi ile
kolayca kontrol edilebildiginden, metal-organik kafesler ilgili arastirmacilar arasinda
dikkat ¢ceken bir aragtirma konusu ola gelmistir.

Hidrojenin malzeme yiizeyinde adsorpsiyonu c¢ogunlukla zayif van der Waals
etkilesiminin bir sonucu olarak gerceklesmekte ancak gozenek boyutu kiiciilmesiyle
birlikte gbzenek duvarlarinin van der Waals potansiyellerinin {ist iiste binmesi sonucu
adsorpsiyon kuvveti arttirilmaktadir. Hidrojen adsorpsiyonunun c¢ogunlukla zayif
etkilesimler sonucu gerceklesmesinden dolayi, hidrojen adsorpsiyon karakteristigi
Olciilecek malzemeler, diisiik sicakliklarda test edilerek adsorpsiyon karakteri elde
edilmekte buna ek olarak, oda sicaklifinda da nihai kullamim i¢in hidrojen
adsorpsiyonu Olciilmektedir.  Diisiik sicaklik oOlciimleri, kolay elde edilinebilir
oldugundan genellikle sivi nitrojen (77 K) ve sivi helyumun (87 K) buharlagsma
sicakliklarinda, gerceklestirilmektedir.

Hidrojenin malzeme yiizeylerinde depolanmasindaki hedeflerden biri de, araglarin
dolum istasyonlarindaki siirelerini azaltmak amaci ile yiiksek dolum ve bosaltim
hizlarina sahip olan bir malzeme gelistirilmesidir. Bu yiizden, kafes icerisinde
bulunan gozeneklerin ve eger var ise bu gozenekleri birbirine baglayan agikliklarin
olabildigince biiyiik olmas1 gerekmektedir. Ancak, diger taraftan biiyiikk gdzenekler
hidrojen adsorpsiyon kapasitesini diisiirmekte oldugundan, bu dengeyi saglayacak
optimum kafes yapisi arastirilmaktadir.

Bu calismada birbirleriyle degisen diizende yerlestirilmis, sirasiyla 3.84 Ave 11.94A
gozenek genisliklerine ve bu gézenekleri birbirine baglayan 2.52 A acikliga sahip
[Zn5Cl4 (BBTA),;] (MFU4) kafes yapisinin benzeri fiziksel ve kimyasal ozelliklerine
sahip olan [ZnsBry (BBTA);] (MFU4.Br) malzemesinin solvothermal ve microwave
irradiation yontemleri ile iiretilen, dolayisiyla farkli tane boyutuna sahip iki kopyasinin
hidrojen adsorpsiyon karakteristikleri 6l¢tilmiis ve sonuclardaki kinetik verilerden yola
cikilarak hidrojenin iki malzeme icerisindeki difiizyon hizlar karsilagtirilmistir.

Calisma kapsaminda malzemelerin hidrojen adsorpsiyon o6zellikleri, Sieverts’ tipi
PCT-Pro2000 manometrik 6l¢iim cihazi kullanilarak 77 K, 87K, 97K, 112K, 127K
ve oda sicakliginda test edilmistir. Bu verilerden yola ¢ikilarak adsorpsiyon 1sisi,
difiizyon katsayis1 ve difiizyon aktivasyon enerjisi hesaplanmaya caligilmistir. Tara-
mal1 elektron mikroskopi yontemi ile malzemelerin tane karakteristikleri belirlenmis
ve tane boyutu dagilimindaki farklilhik dikkate alinarak diftizyon hesaplamalar
yapilmistir. X-Ray Difraksiyon analizi ile malzemelelerin kristal yapilar1 belirlenmis
tane boyutundaki dagilim XRD analizlerinde gézlenmistir.

Sonu¢ olarak, MFU4.Br kristal yapis1 igerisinde var olan dar agikliklarin hidrojen
difiizyonunu kontrol ettigi ve bu dar acikliklarin hidrojen difiizyonuna etkisi ortalama
tane boyutu biiylik olan malzemede -ortalama tane boyutu kiiciik olana gore- daha
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giiclii oldugu goriilmiistiir. Ayn1 zamanda, dar acikliklarin blokaj etkisi malzemelerin
H; adsorpsiyon izotermlerinin hangi sicaklikta tersinir olacagi iizerine etkisi oldugu
gozlemlenmistir.  Bunun diginda, malzemenin igerisindeki kiiciik godzeneklerin
ve/veya dar agikliklarin yiiksek ve neredeyse sabit adsorbsiyon 1sisina sebep oldugu
anlagilmstir.
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1. INTRODUCTION

Day by day energy demand of mankind has been increasing and it turns into a difficult
issue to satisfy the demands with conventional methods. In last two centuries, fossil
sources (e.g. coal, and natural gas) have been used. In fact, fossil sources are quite
harmful for the natural environment and they will come to an end. There is no
doubt about that the global warming is a sign of a serious environmental degradation.
To preclude the undesired consequences of fossil fuel consumption and to satisfy
our energy demands, we must invent/find new energy sources. For this purpose,
renewable energy technologies have been studied for decades, such as solar energy,
wind energy, geothermal energy, bio energy, hydropower, ocean energy (ocean waves,

tides, salinity), and hydrogen&fuel cells.

Hydrogen is a colorless, odorless, and tasteless gas that burns with a pale blue flame
that is virtually invisible in daylight. It is the lightest of all elements; 14 times lighter
than air which causes to be buoyant and rapidly disperse when released into air, which
turns an important safety asset in the event of hydrogen leak from a stored media,

compared to other fuel gases [1].

On the other hand, energy density of hydrogen is much greater than gasoline, moreover,
hydrogen does not emit carbon dioxide when burning. On the weight basis, hydrogen
has nearly three times higher energy content than gasoline. A comparison of energy

contents among the rechargeable batteries and H,, is given in Figure 1.1 [2].
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Figure 1.1: Specific Energy Comparison Between Fuel Cell Technologies and
Different Battery Types [2].

Apart from its energy content supremacy, for the following reasons, hydrogen is being

considered as a future energy carrier in sustainable energy society [3]:

e Hydrogen can be produced in many ways from locally available energy sources
including electrolysis of water using electricity produced by wind or solar energy,

or from gasification of biomass.

e The pollution levels of hydrogen combustion are relatively low and, if it is produced
from sources with low emission, hydrogen is a relatively clean fuel. Mobile
applications fuelled with pure hydrogen can improve local air quality by replacing

petrol and diesel in cars and buses.

e As pure hydrogen can be converted by fuel cells into electricity and vice-versa with
high efficiency, it has potential for storage of electrical energy (similar to the case

of electricity generation from wind energy).

From political view, European Union (EU) has been investing significant amount
of money by deeper research of hydrogen as fuel. For example, between the
years 2002-2006, £216.3 million has been spent within the scope of Sixth European
Framework Program (FP6), and the investments are being enhanced in the FP7
program [1]. Particularly, in Germany, by the collaboration of automotive industries,

20 hydrogen filling stations will be installed by 2015. Construction will take place
2



Stuttgart, Berlin, and Hamburg as well as along two routes that criss-cross the nation

north-south and east-west [4].

From the scale of the automotive industries, by the end of 2003, at least 16 of the
world’s leading car manufacturers were actively developing fuel cell technology and

fuel cell vehicles [5].

Although the mentioned advantages above indicate that hydrogen is a strong candidate
in the area of renewable energy technologies, unfortunately there are some obstacles
standing before utilization of hydrogen in vehicular systems. The main issue with
the usage of hydrogen is storing hydrogen in a fuel cell [6]. The rest and less
significants are, to develop efficient hydrogen delivery system, to reduce the cost
of hydrogen production, and to capture carbon dioxide which is the by-product of
hydrogen production from coal processes. It would seem that, hydrogen storage

materials need to be studied to meet with proper usage conditions.

1.1 Hydrogen Storage

Research for hydrogen storage materials is currently remarkable topic among scientific
community. Following requirements have been defined by US Department of
Energy (DOE) for hydrogen fueled vehicle, According to DOE, a hydrogen fueled
vehicle should overcome following requirements; greater than 300 miles of driving
range with the complete system, including tank, material, valves, regulators, piping,
mounting brackets, insulation, added cooling capacity, and/or other balance-of-plant
components, high safety, and low cost. To satisfy these requirements, targets are
specified and are announced by the reports, annually. Hydrogen storage targets for
the year of 2017 are, 1.8kWhkg~! for the gravimetric evaluation (kg Hp/kg), and

1.3kWh1~! for the volumetric considerations [7].

Hydrocarbons have been satisfying these requirements with a 40-60 1 gas tank, but
unlike hydrocarbons, hydrogen exists at low densities under atmospheric conditions.
For example, 1kg hydrogen occupies 11 m>. A modern, commercially available car
with a range of 400 km, burns about 24 kg of petrol in a combustion engine; however

4 kg of hydrogen would be needed to cover the same range with a fuel cell equipped



car [8], which yields that 45 m> amount of volume would be needed for the storage.
Clearly, to store this amount of volume within the vehicular systems is not applicable.

Hence, the storage issue of hydrogen should be investigated.

1.2 Storage Methods

Storage of hydrogen is a key element for the utilization of hydrogen. Therefore,
researchers have been studying for varying applicable storage technologies (Figure
1.2 [9]), to reach the requirements set by DOE.

Storage Technologies

Conventional Technology Solid State Materials
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Figure 1.2: Hydrogen storage options for on-board applications [9].

Conventionally, hydrogen is stored in highly pressurized tanks made of various
materials. One is made of steelthat can endure to 200 bar gas pressure, whereas
carbon fiber reinforced composite steel tanks have been tested up to 700 bar [10, 11].
The problem with the high pressurized tanks is that hydrogen needs to be transported
through the pressurized lines in order to join conversion in the fuel cell which requires
the gas pressure should be decreased by valves, down to atmospheric pressures. In that
pressure adjustment process, leakage of the hydrogen can be encountered that would

cause terrific consequences when the mobile tank applications are considered.

Another route can be adopted to store hydrogen that is to store it in liquid form
within storage tanks at ambient pressure. In order to keep hydrogen in liquid state,

temperature should be set under its critical temperature (33 K) which requires a large



amount of energy for liquefaction process. In addition to that hydrogen boils-off from
the storage tank. For example, double-walled, vacuum-insulated spherical dewars,
boil-off losses are typically 0.4 % per day for those with a storage volume of 50m?,
0.2 % for 100 m? tanks, and 0.06 % for 20000 m? tanks [12].

Fortunately, researchers in hydrogen storage society found another way to store
hydrogen in materials (Solid State Materials Figure 1.2). Solid state storage is simply
based on the sorption of hydrogen by a material that can be split into two methods
by the location of the sorbed species. One of them, adsorption, that is the enrichment
of an interfacial layer of the material, called physisorption, and the other one, that is
absorption, it occurs when the sorbed species are incorporated with the structure of
material, called chemisorption. In other words, in the adsorption, sorbed species are
located on the surfaces of material, whereas in the absorption process, guest molecules

take a place in the bulk of material.

1.2.1 Chemical storage

Chemisorption is defined as a process whereby hydrogen is released by a chemical
reaction from material that is induced by hydrolysis or thermolysis. Due to small
radii and high activity of hydrogen, it can be stored by forming strong bonds (Figure
1.3 [13]) with convincing amount of storage capacity. Although storing amount is an
essential property in the hydrogen storage technologies, thermodynamic and kinetic
properties have to be taken into account for the convenience of mobile applications.
For example, the main problem of chemical hydrogen storage is; long refueling time
which may take several hours. Additionally, releasing the chemically bonded hydrogen
requires high temperatures, that may reach up to 300 °C, which is much higher than
60-100°C, as the operating temperature of hydrogen fuel cell (PEM). Studies are
focused to overcome these obstacles, by using different compounds to store hydrogen
in materials, those can be grouped as hydrides [14], amin-borane adducts [15] and

amide/imide systems [13].
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Figure 1.3: A depiction of chemisorption into a material [13].

In the hydrides group, MgH, shows remarkable storage capacity 7.7 wt% with
low material cost, and good reversibility during cycling process, in metal hydrides
group. However, its thermodynamic properties prevent MgH, to use for on-board
applications. Hydrogen sorption equilibrium temperature of MgH; is around 300 °C
that is not viable for PEM fuel cell operation temperature. By decreasing the grain
size of MgH, down to 0.9 nm, it is possible to obtain a desorption temperature around

200°C [16].

1.2.2 Physical storage

Physical storage based on a phenomenon called physisorption that occurs when guest
molecules (in the hydrogen storage case H, molecules) adsorbed on the surfaces of
porous materials by physical interactions (Figure 1.4 [13]). The physical interactions
are composed of weak forces that are defined by van der Waals forces, and in some
cases strong electrostatic forces when the ionic interactions is introduced to structure.

Binding energy of guest molecules to surfaces of host materials is usually defined



by heat of adsorption, which provides useful information about applicability of the

material in varying temperature conditions.
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Figure 1.4: A depiction of physisorption on surfaces [13].

Van der Waals interaction is a balance of attractive and repulsive forces (Figure
1.5) which decreases with —6 and —12 power of the distances among molecules,
respectively. The attractive force is even operative at long distances between gas
molecules and surface atoms. At distances shorter than the sum of the radii of gas
molecules and surface atoms, repulsive forces become effective to separate them with
the force which is proportional to actual distance by power of —12. Overall potential
for van der Waals interaction is defined by Lennard—Jones (LJ) potential that is given

in Equation (1.1):

12 6
Vi, =4 l(g> - (5) ] (L.1)
ri ri

where ¢ is the depth of the energy well, r; the distance between a gas molecule and a
generic atom i on the surface and ¢ the value of r; for which the potential is zero [17].

Figure 1.5 shows the attractive and the repulsive energies change according to distance.
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Figure 1.5: Presentation of van der Waals Forces [18].

Van der Waals forces are always ascendant in the adsorption phenomenon whereas
electrostatic forces become significant when only ionic structures are involved to
framework, such as in the case of zeolites and metal-organic frameworks (MOFs).
However, those electrostatic forces cause guest molecules to be strongly attached
to host surfaces, therefore, total binding strength (heat of adsorption) is improved.
This increment in total binding energy due to electronic interactions, may arise from
polarization, field-dipole, and field gradient-quadripole interactions of the interacting

molecules [18].

It should be noted that the weak interactions control the adsorbed amount in adsorption
processes. To prevent an adsorbed molecule that may be easily desorbed from surface,
adsorption measurements needs to be taken at low temperatures. If adsorbed guest
molecules acquire a thermal energy that exceeds the binding energy, then the guest
molecules overcome heat of adsorption which means that molecules are detached from

their adsorbed positions.

1.2.2.1 Adsorption measurements

Adsorption measurements are usually processed as following: holding an adsorbent (a
material that will adsorb guest molecules) at a constant temperature and exposing it for

some time with guest molecules (adsorptive) within a well-known volume (a chamber).



After obtaining a constant adsorptive pressure in chamber, then adsorptive gas pressure
is increased. This increment in the adsorptive pressure continues till sample in chamber

get saturated by adsorptive molecules.

There are two methods to take adsorption measurements: one measures sorbed amount
of hydrogen by detecting a difference in weight while adsorption progress that is called
gravimetric method, and the other method measures adsorbed amount by detecting the

change of gas pressure in the well-known volume, called volumetric method.

Gravimetric measurements are performed with highly sensitive microbalance for
precise evaluation. Although the weight of sample can be precisely determined, there
is one fundamental issue causes an error: H, molecules in pores of adsorbent, lead
to buoyancy during a sorption measurement which means the microbalance measures
the weight lighter than as it is. Therefore, the weight of the adsorbent is corrected
by non-adsorbing gas (typically He) uptake measurements. Since adsorbent sample
weight will decrease linearly as He pressure increases because of buoyancy of He gas,
therefore the slope of the sample weight vs He pressure can be used for the weight

correction [19].

On the other hand, volumetric method determines a change in the amount of hydrogen
by monitoring the pressure in a fixed, known volume. A gas pressure decrease in
the chamber refers to adsorbed amount of hydrogen whereas an increase refers to
desorbed amount of hydrogen. Analogous to the gravimetric method the amount of
sorbed hydrogen obtained from volumetric measurement, cannot be equated to the total
amount of H» in an adsorbent. The hydrogen molecules that they are not adsorbed on
surfaces of an adsorbent, therefore stored at the free volumes of adsorbent (cavities,
spaces) cannot be detected by a measurement device, since the measurement device
detects only the adsorbed H, molecules. Therefore, to obtain the total H, uptake of

adsorbent material further calculations are needed.

In the volumetric evaluation, the data which is obtained from adsorption measurement
refers to excess uptake, as it is reported commonly in publications [20, 21]. This is
the difference between the amount of hydrogen that would be present in the volume

of the adsorbate layer or region in the absence of adsorption and the total amount of



adsorbate in the layer. This excess value gives maximum at a point as the pressure
increases and subsequent to the maximum point. It starts to decrease as the density of

adsorbed layer is limited by density of liquid as it is shown in Figure 1.6 [22];
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Figure 1.6: A Depiction of Excess, Absolute, Total Uptake and Pore with Adsorbed
Molecules (a modified version of [22]).

Despite the decrease in the excess uptake as the applied pressure increases, adsorptive
molecules start to filling up the free voids of adsorbent that amount is called total
uptake. The total uptake refers to the amount of gas in the adsorbent including the
amount of hydrogen that is adsorbed on the intercrystalline surfaces and voids in
porous structure of adsorbent. However, absolute uptake refers to total adsorptive
placed only on surfaces of adsorbent. Absolute adsorption is calculated from
experimental output (excess uptake) using approximations for the average density of
adsorbed gas and volume of the adsorbed layer. By assuming that density of adsorbed
layer is equal to density of bulk liquid, P, volume of excess adsorbed layer is given

by Equation (1.2);

Reoxe
Vexcess = . (1.2)
Fig

The estimated amount of gas present in the volume of adsorbed layer which is the
difference in the amount of adsorbed layer (absolute amount) and excess amount is

given by Equation (1.3);

P
Nabsolute — Nexcess = m : Vexcess (1-3)

The evaluation of absolute, and total uptake from the excess uptake is shown in

Equations (1.4) and (1.5);
10



P
Nabsolute = Nexcess (ZR—TPI + 1> (14)
q

Although, up to 1 bar, typically, total uptake and excess uptake are nearly identical.
Nevertheless, when the fact has been considered that higher pressures are used to store

hydrogen in adsorbents, therefore calculation of total uptake becomes crucial;

P-V
Ntotal = Nexcess + < 7. RP.O;) (1.5)

As indicated, this equation follows the ideal gas equation to evaluate the amount of
gas addition to excess amount, where P is pressure, Vpore 1S volume of the pores
and Z stands for the correction factor of non-ideal gas, R universal gas constant, T

is temperature.

Adsorption measurement data (excess uptake) is shown on a plot which consists of
equilibrium adsorptive pressures against the corresponding hydrogen uptake in wt%,

that is called uptake isotherm.

Isotherms

As introduced in the previous section, uptake isotherms are formed to help us, for
the sake of interpretation of hydrogen uptake behavior of a material. However, there
are many different kind of porous materials have been designed these have different
physical and chemical properties. Therefore, their hydrogen uptake results, in other

words, adsorption isotherms vary with their characteristics.

Uptake isotherms of porous adsorbents generate common patterns that they can be
grouped into six categories. These isotherms have been classified by IUPAC in 1985 as

shown in Figure 1.7 [23];
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Figure 1.7: The IUPAC Classification of Adsorption Isotherms for Gas-Solid
Equilibria [23].

The Type I isotherm has a sharp rise at low relative pressures, then it reaches a
plateau, and at the following relative pressures it approaches a limiting value. As it
indicates, a formation of an adsorbed layer at low pressures whose thickness increases
progressively as the relative pressure increases. Generally microporous materials

shows such isotherms.

The Type Il isotherm concave to abcissa, similar to Type I. When the knee is sharp as in
the Type I and Type 11, it is considered, the monolayer is formed on surface of pores up
to bending point, after that point multilayer formation begin. This point can be used to
evaluate the amount of hydrogen that is required to cover the surface of porous material
with a complete monolayer. Macroporous materials show that kind of isotherms in

general. Or these isotherms represent the behavior of non—porous materials.

In type III isotherm, when the adsorbate—adsorbent interaction is relatively weak the
adsorption process is not as effective as in the porous materials. This kind of host—guest

interactions is not appropriate for the hydrogen storage applications.

12



Type IV isotherm is similar to the type II, but its desorption behavior differs from
adsorption behavior which indicates, non reversible sorption process. This is because,
at certain ranges of applied pressure, the amount of H, molecules sorbed by the host
is higher on desorption than on adsorption. Thus, H, molecules that are adsorbed at
high pressures can be stored at lower pressures beyond equilibrium density. This kind
of isotherm can be related with high energy adsorption within mesoporous materials.
The type V isotherm, similar to the type III, nevertheless, it shows hysteresis loop.

These kinds of isotherms are rare.

The hysteresis may arise because of the capillary condensation while filling and
emptying the pores whereas there are other possibilities to explain this behavior
as well, such as changes in the structure of porous material during adsorption
or desorption processes (gate-opening), which occurs in some Metal-Organic

Frameworks (MOFS), e.g. MIL-53.

In the type VI isotherm, there are two possibilities to have this behavior. One is,
if the temperature is below the critical point of adsorptive then gradual adsorption
can be formed within the material which brings epitaxial growth on its surfaces. The
other possibility is that the varying pore size in the material, it could cause gradual

adsorption.

Consequently, isotherms represent the adsorption behavior of an adsorbent as
mentioned above and beyond from that isotherms gives hand to evaluate characteristic

properties of adsorbent, such as heat of adsorption, and surface area of adsorbent.

1.2.2.2 Surface area

Calculation of a surface area among ideal shapes such as cubes, spheres is relatively
easy. Since surface of porous materials do not provide ideal shapes, therefore another

approach to calculation of surface area should be adopted.

Possessing fine pore structure in porous material cause an increase in the strength of
van der Waals interactions, also helps to create large inner surface area. To be able to
get a successful surface area determination, adsorption isotherm should be fit onto the
one of theoretical isotherm models. From the theoretical models, the required number

of adsorbate molecules to cover one layer of surface can be predicted. After obtaining

13



the number of the adsorbate molecules, one gets the surface area of porous material by

multiplication with the area of the adsorbate molecules.

Henry model

For adsorption on a surface at low concentrations (low loading pressures), such that all
adsorbed molecules isolated from each other, amount of adsorbed molecules correlate
linearly with loading pressure. This phenomenon is described by Henry’s Law, as

Equation (1.6) states;

Nads — kH -P (1.6)

where kg is the Henry constant in equation, P is pressure and n,;, 1s adsorbed amount
in this region. Although Henry’s Law is well documented and it is explanatory,
some isotherms deviate from linearity even at low concentrations. In fact this kind
of relationship is not surprising for adsorbent materials. The reason for that might
be pores are not open at that low temperatures, therefore uptake becomes possible as

loading pressure increases.

Langmuir isotherm model

Langmuir isotherm can be assumed as a basic introduction to calculation of surface
area of microporous materials, which is used for the materials those have behavior
of type I isotherm. In order to get appropriate evaluation of surface area, Langmuir

isotherm has some assumptions as following [24];

e The adsorbate is immobile
e All the adsorption sites are equivalent (Homogeneous)
e Every possible site can hold only one molecule (No stacking)

e There are no interactions among the adsorbed molecules

Nuds = Nes
1.7)
N, 61 Vle_E/RT =kP6OyA,
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where N, is the number of adsorbate molecules in a completed monolayer of unit area,
V) is the vibrational frequency of the adsorbate, E is the energy of adsorption, A is
the probability of a molecule is being adsorbed and, the 6; and 6, are the fraction
of a completed monolayer and the fully empty layer, respectively. Remembering the

6p = 1 — 6, Equation (1.7) yields:

kPA,
6, = W (1.8)
kAq

by bringing 6; in Equation (1.8) and K in Equation (1.9) to one equation it yields to
Equation (1.10);

KP
0, = 1.10
ERENT (1-10)
Up to and including one layer of coverage, 0; can be expressed as;
N w
= — = — (1.11)

where N and N,, are the number of molecules in the incomplete and complete
monolayer respectively, and W /W, is the weight adsorbed in a completed monolayer.

Rearrangement of Equation (1.11) gives;

1 P
=—+

P
— — (1.12)
W KW, W,

aplot of P/W versus P in Equation (1.12) would give a straight line with a slope 1/W,,,,

then W, can be calculated. And the surface are of the adsorbent becomes;

(1.13)
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where A, and M are the cross-sectional area and the molecular weight of the adsorbate,

respectively, and N is the Avogadro’ s number in Equation (1.13).

For most adsorption cases adsorbed molecules are located preferentially (heterogene-
ity). Upon the lacks of Langmuir theory, in 1938, Stephen Brunauer, Paul Hugh
Emmett, and Edward Teller published their article [25] by considering the multilayer
adsorption issue. Nevertheless, Langmuir isotherm is widely used in the case that only

one adsorbate layer (monolayer) is bound to host surface e.g. chemisorption.

BET isotherm model

In reality, most of porous materials possess energetically heterogeneous surface, since
the narrower pores would have the most energetic sites on their surfaces -because of
the overlapping of van der Waals forces [22]. Even though, adsorption surface is
flat (non-porous material), energy distribution of adsorption surface may vary as the

presence of different functional groups on the surface.

As mentioned before, during adsorption process, first, energetically higher sites are
occupied rather than the less ones. When the high energetically sites are fully covered,
guest molecules sit on the lower energetic sites as guest molecule pressure increases
or they may prefer to sit on the molecules those exist on energetic sites. So, first layer
of adsorption can act as possible adsorption sites for molecules those will form second
layer. Therefore, completely covered monolayer formation is not possible by any
pressure. BET theory tries to calculate the surface area, from the number of molecules
would have required to form monolayer, by considering the number of molecules that

actually formed as multilayer, during adsorption.
Derivation of BET isotherm starts with equalization of adsorption rate to desorption
rate at equilibrium that is given by Equation (1.14):

E
a1P90 = b191 exp—R—]{ (114)

where a; and b adsorption and desorption constants for the first layer and E is the
energy for the adsorption on the first layer. It should be noted that, according to
BET theory second and all the following layers will have same energy, E;, which

is liquefaction energy. And keeping in mind that, sum of the all fractional coverage
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will be equal to 1 Z 0; = 1 and the adsorbed total amount on the layers will be
=
the sum of the individual adsorbed quantities on the all layers n = n,, Z i6; Then the

i=1

equation(1.14), can be written as;

P 1 c-1
= P 1.15
n(l—-P) n,C * nmC (1.15)

where C is an constant in Equation (1.15) which is approximately C ~ exp ( EL).

A plot ( ) against P will yleld a straight line usually in the range 0.05 < P < 0.35
with a slope and 1ntercept ¢ by solving preceding equations for n,, the weight

adsorbed in a monolayer yields to Equation (1.16);

then the total surface area can be calculated by using Equation (1.17);

N NAx
M

S =

(1.17)

A, cross—sectional area of adsorbate, M is the molecular weight of adsorbate , and N
is Avagadro’ s number. For further explanations and greater determinations of heat of

adsorption in detail, Lowell [26], is very good source for the interested readers.

Researchers supported the applicability of BET isotherms, by comparing two
isotherms; one is obtained experimentally and the other one is predicted by using

Monte Carlo simulation techniques, and results were satisfying enough [27].

Since guest molecules adsorb on surface, it is clear that high surface area is crucial
for adsorption materials, and calculation of surface area allows us to have a sense of
uptake results. Even though this is true, when adsorbents are having same surface area
their uptake might be different from each other. It is because, the binding strength of
guest molecules, in other words heat of adsorption varies with the physical structure of

porous materials.
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1.2.2.3 Isosteric heat of adsorption

Isosteric heat of adsorption is a result of interactions including van der Waals, ionic e.g.
forces, therefore a magnitude of overall binding energy between adsorbed molecules
and host molecules. On a flat surface, adsorbed molecules feel the van der Waals
interaction of one or two atoms at the surface of the adsorbent. For surfaces exhibiting
curvature, e.g. in spherical pores, the van der Waals potentials of these surface atoms
overlap and strengthen the adsorption potential of the material. In addition, when the
pore diameter and adsorptive diameter of adsorbed molecule becomes closer to each
other, the overlapping of van der Waals potential increases. As a consequence of that,
the binding energy of the guest molecules in the smaller pores is stronger than that of

larger ones.

Since the translational freedom of adsorbed molecule on a surface is less than the
molecules that are free in space (not able to move in 3D when they adsorbed),
freedom of a molecule decreases when it is adsorbed on a surface. Considering that
entropy is a measure of number of specific ways which a system may be arranged,
entropy change at the end of adsorption process will be negative, (AS = Su45 — Sgas)-
Thermodynamically, a process to be happen Gibb’s Free Energy change should be

negative as well. Therefore;

AG =AH —TAS (1.18)

according to Equation (1.18), AH, enthalpy change in the process will be negative, in

other words, adsorption is an exothermic process.

To calculate the heat of adsorption, adsorption isotherms are fit to one of the
following equations, (the virial-type equation, the following virial-type equation and,

Langmuir-Freundlich equation), heat of adsorption is used [20].

In this study, adsorption data obtained at constant 77 and constant V for each
measurement. Helmholtz-Free energy that is given by Equation (1.19), was fit to

experimental data to calculate the heat of adsorption.
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AHu4s =R <a lan> (1.19)
7 0

R is the gas constant, T is temperature and, P is equilibrium pressure. A plot, which is

drawn P against to T will converge to a linear correlation with the slope, AH,,;;.

1.3 Fundamentals of Diffusion

Diffusion is a process that validates tendency of the matter to migrate in such a way
to eliminate spatial variations in composition, by causing increase in entropy of the
system to reach maximum randomness above the temperature absolute zero. In an
alternative expression, diffusion is a spontaneous tendency of all systems to equalize

concentration in space that can be depicted as it in Figure 1.8;

Figure 1.8: Diffusion of particles, they spread over the volume to eliminate
concentration gradient.

Diffusion in gasses occurs in the scale of seconds, minutes in liquids, and it takes
years or millennia to occur within solids. Therefore, the calculation of the rate
which diffusion occurs turns out a significant issue. In 1855, Adolf Fick, who
wants to mathematically contribute to the Graham’s observations related to diffusion
phenomenon, by adopting Fourier’s law of heat conduction, stated an equation for

diffusivity which is known generally Fick’s first law of diffusion;

j—_p9€ (1.20)
dx

as it shown in Equation (1.20), where J is the flux per unit area of section,C the
concentration of diffusing substance, x the space coordinate measured normal to the

section, and D is called the diffusion coefficient.
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Figure 1.9: A depiction of Fick’s First and Second Law [28]

Fick’s first law proposes the diffusion is the net flux of particles down a concentration
gradient by the random movement of included particles, and the flux is directly
proportional to the steepness of the gradient (Figure 1.9a, [28]). In the sense of first
law, as it is assumed that the diffusion occurs in steady state conditions. To develop
the first law in an unconfined volume, within the sense of the law of mass conservation
(Equation (1.21)), Fick developed the second law of diffusion that is given by Equation
(1.22);

aC aJ

o ox (1.21)
oC 02C

E = —D—ax2 (1.22)

Fick’s second law of diffusion involves time ¢, it asserts that concentration change
within unit time, is proportional to the change in flux at corresponding length. As it
is seen from the Equation (1.22), diffusivity makes no such assumption in the case
that diffusivity varies with concentration, therefore the solution of the equation can
be achieved by applying appropriate initial and boundary conditions [29]. However,
in some cases (e.g. diffusion in microporous materials) diffusivity can be affected
by concentration gradient, in such cases D becomes non-linear and takes the form of

D(c). In the case of that the diffusivity becomes concentration dependent, solution of
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the Fick’s second law cannot be obtained by analytical approaches, therefore it should

be solved by numerical methods [30,31].

The calculation of diffusivity explained above, adopts macroscopic approach that it
considers total mass change (transport diffusivity) in a system. There is also another
approach being used that by following individual marked atoms/molecules those
involved the diffusion process, therefore performing calculations for whole system,

called tracer or self-diffusivity.

1.3.1 Random walk, self- and transport diffusion

A random walk is defined as a mathematical formalization of a path that consists of
successive random steps. Atoms or molecules do this random motion under the thermal
impacts and the total displacement of the individuals is interpreted in the means of
diffusion. With a given number of jumps per second and mean jump distances of
any particle, after some very large number of jumps, the displacement of the particles
from an arbitrary starting point can be calculated. Because of the random nature of
the diffusion process and the large number of jumps, it can be turn relatively easy to
calculate the average distance that a group of atoms will have migrated from their initial
sites. So the mean square displacement after n steps of a random walk, is calculated

by [32];

2
()
= (1.23)

[ 1s the mean jump distance and z is the mean displacement of the particles. Such a
movement, a correspondence to the movement of a man that he moves on a straight
line and giving his decisions according to the results of a tossing coin, with equal

probabilities to move(+1/2) forward or backwards. When the number of steps is
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related with the time by n =t /7 which 7, is the time between jumps; Equation (1.23),
yields to the Equation (1.24) with 2 = I?/21;

(Z(n)) =291
Or in 3-dimension; (1.24)
(Z(n)) =691

The relationship between random walk and diffusing molecules in an environment
was first elucidated by Einstein [33]. To approach the Fick’s equation in the means of
random walk, the particles (atoms or molecules) must be regarded as they are labeled.
The concentration distribution of these labeled particles will be the same as stated
in the Equation (1.22), and a solution of Fick’s second law (1.22) is obtained with

appropriate initial and boundary conditions that is given by Equation (1.25);

A 2
C= ¢ %/4D 1.25
\/Ee (1.25)

and therefore the amount of substance diffusing in a parallel-sided container of unit

cross-sectional area and infinite length in the z direction given by Equation (1.26);

~+oo
M = Cdz (1.26)

—o0

and by writing &2 = z2 /4Dt into Equation (1.26) it yields to Equation (1.27);

~+oo
M =2AVD / e 8’ dE = 2AVTD (1.27)

and the distribution of the solute at all later time will be given by;

c e T/
— = 1.28
M \/4nDt (1.28)
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Equation (1.28), gives the probability of a particle finding at position z, that was located
at the origin at time zero. And it can be completely defined by the mean square

displacement of the diffusing particles, by integration Equation (1.28);

5 +o0 26—z2/4Dt
(1)) = Z dz = 2Dt
&) /—oo vanDt ¢

—r2 /4Dt

(1.29)

e

~ ) azD3? oD

(r* (1))

first line in the equation states the diffusivity in one direction and the latter one
states the diffusion which considered in 3-dimension. It can be seen that Equation
(1.24) exactly the same with the Equation (1.29) above. These equations are known
as Einstein’s relations and provide us to approach to diffusion phenomenon by

considering individual atom movements by the means of random walk.

Transport diffusion, is a definition of massively moving particles in an environment,
resulting from a concentration gradient which lies between the moving particles and
the corresponding surrounding. In fact, it means the net particle transport. Figure 1.10

depicts the difference between self and transport diffusion.

Self-diffusion, can be measured by either tagging a certain fraction of the diffusing
particles or by following the trajectories of the particles resulting with mean square
displacement, and therefore using the Equation (1.24) self-diffusion coefficient(Z) can
be calculated. In addition to that some studies provide a calculation of the transport

diffusivity from self-diffusivity by using MD and GCMC simulation techniques [34].
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Figure 1.10: Schematic representations for the measurement of (a) transport diffusion
and of self-diffusion by (b) following the (counter-) flux of differently
labeled molecules (red, green) or by (c) recording the displacement of
the individual molecules [36].
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In Figure 1.10a, a bunch of particles, moving to the right, in order to increase the
randomness of the environment, by following the laws of Fick. In Figure 1.10b,
some of the particles are shown as labeled, whereas, in Figure 1.10c the tracking
process of the labeled particles is depicted. By tracking the individual labeled
particles, a diffusion coefficient is calculated from random walk equations, which is
self-diffusivity coefficient. The transport diffusivity and self-diffusivity can be equated
with an assumption when each individual particle diffuse independently of each other,
such situation may occur in the range of low concentrations of guest molecules, where

the rates of transport and self-diffusion are identical.

The explanations above consist of fundamental basics of diffusion. For diffusion in
microporous environment, further developments and limitations should be specified to

obtain satisfying answers.

1.3.2 Diffusion in porous media

Most of the industrial porous materials are available in pellet form, accordingly
microporous crystals are obtained in assembled condition (Figure 1.11). Diffusion
of guest particles through microporous materials split into two ways as micropore and

macropore diffusion.

Macropore
Diffusion

Micropore
Diffusion
Micropore
Diffusion

Macropore

Diffusion LG oRle

Diffusion

Figure 1.11: Micropore and Macropore Diffusion [36].
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In the micropore size, the overlapping surface forces of opposed pore walls are
predominant. In the mesopore range, surface forces and capillary forces turn out to
be significant, while for the macropores, the contribution of the pore walls is very

small.

In the case of Micropore diffusion (or intracrystalline diffusion) diffusing guest
molecule never escapes from the force field of the adsorbent surface therefore mass
transport occurs by an activated process involving jumps between adsorption “sites”.
The rate of diffusion between the pellets is too fast, therefore the uptake of guest
molecules is controlled in micropores. This is expected in small-pores in which the free
aperture of the window is only slightly greater than the critical diameter of the guest
molecule, the activation energy correlates directly with critical molecular diameter
suggesting that the rate-limiting step is the passage of the molecule through the sieve

window.

Figure 1.12: Intracrystalline diffusion paths in MFU4.Br structure [35].

In Figure 1.12 (modified version of [35]), the structure of MFU4.Br version (left) and
possible diffusion paths in the structure is shown (right). Diffusing H, molecules along
the MFU4.Br structure should pass the small and large cavities (shown as yellow and
dark yellow spheres, 3.88 A and 11.94 A, respectively) and the aperture connects those
cavities to each other for passage (2.52 A). Therefore, in this case the aperture controls

the kinetic of guest uptake in the adsorption process.
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On the other hand, in Macropore Diffusion, diffusion occurs in large pores such
that the diffusing molecule escapes from the surface field. This is expected for large
particles and guest molecules which have sizes much smaller than the pore size. For
macropore diffusion, there are four mechanism is defined [36], they describe possible

types of progress of guest molecules in the macropore media.

1.3.3 Macropore diffusion mechanisms

Diffusion mechanisms vary with the size of the diffusing particles, therefore, their
interactions within the media that they are progressing. For a porous media, a diffusion
mechanism depends on the pore diameter of host material compared to the diameter
of the guest molecules. As the pore size decreases, the occurring rate of Knudsen
diffusivity increases whereas in the large pores diffusion mechanism consist of viscous

flow or molecular diffusion.

In an adsorbent porous media, there are many effects influence the diffusivity of the
guest particles. The effects can be: pore geometry, pore surface roughness, pore width.
For a diffusive process in a porous media, the mechanism that will be effective, mainly
depends on the pore diameter of porous material. This relationship can also be seen

from the Figure 1.13 [37];

Diffusion: 373 K, 1 bar
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Pore diameter, nm

Figure 1.13: Effective diffusion mechanism and corresponding activation energy
according to the pore size [37].
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Figure 1.13, shows that the effect of pore size on the diffusion mechanism.
Accordingly, in a porous material that is having pore size smaller than 1nm,
intracrystalline diffusion will be effective, whereas if pore size larger than 100 nm

molecular diffusion will dominate.

To describe the diffusion mechanisms, pore structures have to be simplified, afterwards
required constants are added. The mechanisms that they are explained below, start with

such simplified models and come to the end with complex structures.

1.3.3.1 Knudsen mechanism

Knudsen mechanism refers to a gas transport regime where the mean free path
(A) between particle-particle collisions is significantly larger than at least one of
spatial dimensions of the considered system [38]. Therefore, it becomes effective to
overall diffusion, when the pore size is relatively small to the size of guest particles
(atoms/molecules). It should be taken into account that Knudsen diffusion occurs with
high probabilities at low pressures, since at the low pressures particles collide with

wall molecules rather than colliding with each other [39].

Figure 1.14: Knudsen Diffusion Mechanism: Magenta balls represent the diffusing
particles in a pore whereas the green ball refers to particle that is diffusing
on the surface [39].

As it is seen in Figure 1.14, when a particle hits the pore wall, it exchanges the energy
with the pore atoms or molecules with the result the direction and the velocity of the
reflected particle is totally random. In this condition, diffusivity is calculated according

to;
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1/2
Dx=r <32 E) (1.30)

91 m

where r is the pore diameter, k is the Boltzmann coefficient m is the molecular mass of

guest particles, in Equation (1.30).

Since the Knudsen mechanism does not depend on the intermolecular collisions,
therefore, it deviates with temperature and particle mass, and independent from the

pressure (in the range of low pressures).

1.3.3.2 Viscous flow

Viscous flow is occurred, when there is a difference in pressure between the ends of the
medium, this pressure difference causes a flow through the medium. For the simplicity

we can deal with a capillary Figure 1.15;

:.11 "N ) ] L .
O — 2
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Figure 1.15: A depiction of Viscous Flow [40].

As it is seen in Figure 1.15, there are two different pressures at the ends of capillary
(P} # P,). The laminar flow is assumed to occur resulting from pressure gradient, that
is with no slip on the pore wall due to the viscosity of the fluid. Therefore, the viscous

flow is defined by Poiseuille’s law that is given by Equation (1.31) [40];

By P (P —P)
o 2) 1.31
Jvis UWRT L (1.31)

where P is pressure, By is flow parameter that is (r2 / 8), P, is mean pressure and R
is universal gas constant. Equation (1.31) valid for such a capillary that is depicted
in Figure 1.15. For porous medium, a difference should be inserted to the Equation

(1.31), which arises with the definition of the coefficient of By [30].
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It should be noted here, a plot of permeability (J,;;/(6P/L)) versus the mean pressure
a helpful feature to see which mechanism is effective in the capillary. This plot would
give a horizontal line in the conditions of Knudsen mechanism, and a straight line
come out if the viscous flow is effective. At the pressures, falling down between these
two mechanisms there would be transition region which the effectiveness of those two

mechanisms would vary with the changing pressure [30].

1.3.3.3 Molecular diffusion

This type of diffusion mechanism, results from the collision among different type of
particles (mixture). As a result of the collisions, there will be a net moment exchange
between two particles. Although the significance of this mechanism depends on the
ratio of pore diameter and particle diameter, when the large pore is introduced the

effect of wall-particle diffusion can be neglected beside the molecular diffusion [41].

1.3.3.4 Surface diffusion

Until here, possible interactions between diffusing particles and the porous host
material such as chemical, electrochemical, adsorptive interactions have not been
considered. Hence, the equations and models have been given so far, cover the issue
that porous medium and the diffusing particles inert to each other. However, since the
adsorption phenomenon predominantly depends on such interactions, therefore, the
mentioned interactions (Section 1.2), are crucial for the adsorbents. The interactions
between the surface and guest molecules are more important for MOFs, since MOFs
have high surface area. Considering that, the interactions occur on the surfaces
of porous host materials, therefore, they are involved into the surface diffusion

mechanism.

Surface diffusion, is a mechanism of moving particles those are adsorbed on the
surfaces. Similarly to interstitial diffusion, surface diffusion is an activated process,

but its activation energy is less than the activation of interstitial diffusion.

In the adsorption process, particles are able to migrate over the surface of the pore
wall, if the binding energy of the particles to the surface wall, is not too great. On

the other hand this migrating particles, may collide with the surface molecules, and
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they even might be emitted from the surface molecules, if the momentum transfer
that arises from the collision of surface molecules with the adsorbed particles, high
enough to overcome binding strength to the surface molecule of the adsorbed particle.
Moreover, the molecules those constructed the pore surfaces may vary through the
pore surface, then the directions of the emitted particles would be independent of the
original direction of the incident, as well as from each adsorbed green particle seen in

Figure 1.14.

Diffusion on the surface, occurs by hopping mechanism. And it diffusivity given by

Equation (1.32);

1 E E
Dy = ZVT6 exp (—ﬁ) = Dypexp (_R_]S"> (1.32)

where 0 is the distance between jumps, vy is the thermal velocity of the adsorbed

particle, and E is the activation energy for the particle jumps.

Besides that, adsorbed amount decreases with increasing temperature, because of
the binding energy between the surface molecules and the adsorbed particles is
overwhelmed by increased thermal energy of the particles. Since there wouldn’t be
adsorbed particles to migrate on the surfaces at relatively high temperatures, therefore
surface diffusivity can decrease with increasing temperature. So, we can say that
there is temperature range to assume whether surface diffusivity will decrease or not.
This is true for the linear isotherm systems. On the contrary to that, in the nonlinear
isotherm systems, when the surface is highly covered an increase in the temperature
cause an increase in the surface diffusivity and little amount of decrease in the adsorbed

amount [30].

1.3.4 Measurement techniques

There are several types of methods to measure diffusion in porous materials that
they are given in Figure 1.16 [37]. One can use, NMR spectroscopy, by tracking
the particles in the porous media, therefore self-diffusion of the guest particle can
be calculated [36], or flow methods are used to determine overall diffusivity [42].

There is another method can be used from the view of sorption measurements, that
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is, by utilizing the kinetic outputs of sorption measurements, the diffusion of the guest

particles which those are adsorbed from the porous materials.

QENS

NMRE - Relaxation
7 - PEG
Meutron spin-echo

Microscopic methods
{Sub-crystal scale)

1

Single crystal permeation
1 FTIR
= Interference microscopy

Mesoscopic methods
{Single crystal scale)

- Sorption rate
Flow — ZLC/TZLC
Baich — DAB

— Gravimetric
Piezometric
— FTIR
— Temp. response

Transient .
Chromatographic

(Gas phase

Liguid phase

Wall coated column
Macroscopic
methods . - Frequency response
{Many crystals) Pressure
Pressure/temperature

Membrane

Wicke Kallenbach
Quasisteady Single crystal
state 1 Zeolite membrane

- Catalyst effectiveness
factor

Figure 1.16: Experimental diffusion measurement techniques for porous media [37].

The main microscopic methods are quasi-elastic neutron scattering (QENS) and

nuclear magnetic resonance (NMR) based techniques.

On the other hand, direct measurement of the adsorption or desorption rate is possible
by macroscopic methods. For a small sample of adsorbent subjected to a well-defined

change in ambient concentration (or partial pressure) of sorbate is perhaps the most
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obvious way to attempt to measure intracrystalline diffusion. Gravimetric, volumetric

and piezometric methods have all been used to follow that sorption process.

1.3.4.1 Sorption kinetics

Sorption kinetics is the most widely used method, to evaluate intra-(micro) or
interparticle (macro) diffusivities involves measuring the sorption rate when a sample
of adsorbent is subjected to a well-defined change in the pressure or concentration at
fixed temperature. After obtaining the sorption data, isotherms (section ) are plotted,

therefore according to isotherm behavior (shape) its model is fit to theoretical models.

If isotherm of an adsorption measurement is linear (Henry Isotherm), the uptake rate is
given by the solution of transient equation. For a spherical particle, diffusion equation

may be written as follows [42];

dg 1 d [, dq
o "o ( sz) (139

if the the uptake occurs over a small change in the adsorbed phase concentration, a
constant diffusivity may be assumed. For a step change in concentration at time zero

the relevant initial and boundary condition can be written;

t <0, C=0Cy, q = go(independent of r and t)
t>0, C=C., q(re,t) = geo
(1.34)
t— o0 C =C., q(rt) = qeo
dq

Eh:o =0 for all t

and then analytical solution is obtained by using the initial and boundary conditions

that are given in Equation (1.34). Therefore, Equation (1.33) yields to;

(1.35)

according to Equation (1.35), a plot of In (1 — m; /m..) versus t will give a straight line

with slope —%D,/r? and intercept In (6/7%) att = 0.
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If the sorption isotherm gives a nonlinear curve (e.g. Langmuir type) therefore another
approach should be adopted. For nonlinear isotherms, micropore diffusivity becomes

concentration dependent. Therefore diffusivity equation can be written as follows;

d D. 0 29

e (LA (1.36)
at  r>dr\1—gq/qsor

From the Equation (1.36), concentration dependent diffusivity is calculated by

numerical techniques [43].

1.4 Metal-Organic Frameworks

As a basic adsorbent material, Zeolites are aluminosilicate based porous materials.
They have been used for many years in petroleum industry as a catalyst, in detergents
as water softeners, and they are also being used commonly in the commercial adsorbent
sector. There are 206 unique zeolite types have been discovered and classified by
Structure Commission of the International Zeolite Association, and their detailed
structures can be seen in the book Atlas of Zeolite Types [44]. A zeolitic structure

is shown in Figure 1.17 [45].

Figure 1.17: Zeolite Structure [45].
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Requirements in adsorbent materials, couldn’t have been satisfied by zeolites, because
of their drastic pore limitation (<1 nm) and poor functionality could not provide the
required specifications [46]. Therefore, researches developed a new kind of porous

materials, called Metal-Organic frameworks.

Metal-Organic frameworks (MOFs) also known as porous coordination polymers,
have been introduced to chemistry field by late 1990s, with their low density, high
surface area, high adsorption enthalpy and large porous volume specifications those
make MOFs favorable for hydrogen storage materials.
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Figure 1.18: Assembly of nodes and linkers to form structures: Nodes on the left
top, and linkers on the top right, forming metal-organic structures in the
middle [47].

MOFs are crystal structures that are assembled by metal ions or metal clusters (as
the nodes) and organic ligands as linkers (Figure 1.18). The most commonly used
metal nodes are d-block transition elements. The number of sites (coordination
numbers) available for binding ligands at the metal center range from 2 to 12 depending
upon the choice of d- or f block metal and its oxidation state. Depending to
the valence of an metal-ion, the metal binding sites may afford linear, T-shaped,
tetrahedral, square-planar, square-pyramidal, trigonalbipyramidal, octahedral, cubic,
trigonal-prismatic and pentagonal-bipyramidal nodes, although the geometries can be
distorted by the choice of ligands and co-ligands [47]. Ligands are used as bridges to
connect the nodes (metal clusters) to each other, and afford great flexibility in design

for the synthesis of MOFs and can incorporate two or more electron donor groups to

34



bind to metal ions. The various organic molecules offer a wide range of linkers with

different lengths, shape and connection numbers.

Characteristics of MOFs are usually specified by their pore volume or surface area,
pore diameter, surface area and skeletal density. Pore diameter of a porous structure is
defined as the diameter of sphere (such a sphere on Figure 1.19, as a yellow ball) that

would fit into pore, as the van—der Waals radii of the wall atoms are considered.

Figure 1.19: MOF-5 Crystal Structure: Metal Zn4O node and carboxylate linker (left),
and the complete structure (right).

The crystal structure of MOF-5 is given in Figure 1.19 as an example of MOF. It is
seen from Figure 1.19, each Zn4O cluster (node) connected with carboxylate organic
compound (linker), they form cubic shaped porous structure (right). In some structures
(as MOF-5 structure) nodes can be formed by metal-ions as polyhedras, to form the

so-called Secondary Building Units (SBUs).
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Figure 1.20: Examples  of = Metal-Organic ~ Frameworks: a)MOF-177
b)IRMOF-8 ¢) MIL-53s (Matériaux de [’Institut Lavoisier)
d)Zn; — (bdc);,(dabco)(dabco = 1,4 — diazabicyclo[2.2.2]octane)

[49].

SBUs are essential to the design of directionality for the construction of MOFs and
to the achievement of robust frameworks. They can be named upon their number
of connections e.g. triangle, tetrahedron [48]. For example, in Figure 1.20 [49],
it is seen that by altering SBUs and/or linkers different structures can be obtained.
MOF-177 (Figure 1.20a) is constructed with [Zn4O] clusters and 4,4",4"” — benzene —
1,3,5 — triyl — tribenzoate (BTB), and each [Zn4sO] connected to six carboxylate
groups, and each tricarboxylate ligand connects to three [Zn4O] units [50], IRMOF-8
(Figure 1.20b), [Zn40] node comprises four Zn(II) ions on the vertices of a tetrahedron
with an O~2 moiety at the center of the tetrahedron. Each pair of Zn(II) ions are
bridged by a carboxylate group, and therefore, each [Zn4O] node is connected to six
carboxylate linkers constructing a simple cubic topology [47], whereas MIL-53 (Figure
1.20c) has parallel one-dimensional chains of [Al04(OH);] octahedra are connected

by terephthalic acid linker to form a three-dimensional network.
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On the other hand, MOFs could be classified by the linkers as well. For example,
carboxylate based MOFs, they are constructed by using an ester or salt of carboxylate
acids as linkers. One of the most famous member of this group, MOF-5, is shown
in Figure 1.19. Another group of linkers, azolate-based MOFs, which are consist of
imidiazole, pyrazole, triazole and tetrazole ligands. In Figure 1.21 different type of

triazolate linkers are given;

N O

1.2, 3-triazole 1.2 4-triazole 1]

Figure 1.21: Triazolate based linkers: 1,2,3-Triazole, 1,2,4-triazole, and the
coordination modes of 1,2,4-triazole and 1,2,4-triazolate [51].

Triazolates (subgroup in the azolates), made up from three nitrogen atoms and carbon
atoms, and they can be grouped in two subcategories, by the position of N on the ring,
as 1, 2, 3—triazole and 1, 2, 4—triazole (Figure 1.21 [51]). MFU-4 (Metal Organic
Framework Ulm) is a metal-organic framework from Ulm University that is triazolate

based nanoporous MOF where its crystal structure is given in Figure 1.22;

Figure 1.22: MFU4 Crystal Structure

MFU—4 [ZnsCly(BBTA)3]-3DMF, is constructed from pentanuclear {ZnsCl;"%)
secondary building units (SBUs) interconnected with BBTA linkers [52]. Each
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Zns unit is connected to six BBTA ligands by Zn—N bonds, whereas each ligand
coordinating one central, and two peripheral Zn atoms. The framework has two
different types of cavities (the smaller and the larger ones) arranged in an alternating
fashion. Larger cells are represented by the cubic arrangement of chloride ligands
having a minimum non-bonding distance of 4.25 A to each other. The centre of the
larger cells has a distance of 3.68 A to each CI atom. The aperture joining the two
structurally different cavities is built up by 4 Cl atoms at a distance from 3.01 A from
its geometric centre. Taking the van der Waals radii of CI atoms (1.75 A) into account,
imaginary spheres with a diameter of 3.87 A could fit into the larger cells (which
roughly corresponds to the van der Waals diameter of Ar atoms), and the aperture
would admit the passage of an imaginary sphere with a diameter of 2.52 A. Each of
the larger small cells, on the other hand, is surrounded by twelve phenyl rings, and an
imaginary sphere with a diameter of 11.94 A would fit into it, taking the van der Waals

radii of C atoms into account [52].

MFU-4.Br, [ZnsBrs(BBTA)3] a very novel derivation of MFU-4, that is constructed
by using {ZnBr,} instead of {ZnCl,} as the metal cluster and H; — BBTA as the
linkers. Framework structure and physical properties of MFU4 and MFU4.Br are
similar since the only difference is anions in the clusters, C1~ for MFU-4 and Br~ for
MFU-4.Br version. Even this small change may cause different structural behaviors
(guest adsorption capacity, kinetics, flexibility etc.), since the strength of interactions in

framework depend on the physical nature of nodes and the linkers of framework [53].

As stated above SBUs and linkers construction elements of MOFs, and they naturally
control the surface area of a porous framework, which plays important role for gas
storage applications. MOF-177 comes with 4526 m? g~! BET surface area, whereas
IRMOF-8, and MIL-53 (Figure 1.20b and c) possess 890 m? g~ ! and 1100 m? g~! BET
surface area, and their H, storage capacities 7.5 wt%, 1.45 wt% [20], and 1.2 wt% [54]

respectively. The relationship between the surface area and excess hydrogen storage

capacity is shown in Figure 1.23;
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Figure 1.23: Excess high pressure H, uptake capacities at 77 K versus BET surface
areas for some highly porous MOFs [20].

It is seen in Figure 1.23, excess H, storage capacity and BET surface area show linear
relationship under high pressure loadings. However, this linear relationship can be
broken at low pressure adsorptive loadings. It is because, at low pressure loadings,
excess Hj storage capacity can also be influenced by pore size, catenation, ligand

functionalization, and open metal sites [20].

Flexibility is one of the remarkable features of MOF materials, that is a reversible
structural transformation property of the most of the MOFs that includes stretching,
“breathing”, rotational functions of the framework structure [55,56]. The inorganic
part of MOF is often associated with a rigid behavior, whereas the organic moieties
correspond to flexibility. This behavior arise from the presence of external stimuli
(e.g., temperature, hydrostatic pressure, presence of a sorbate) which is granted by
the weak interactions within the framework structure, including coordination bonds,
H-bonds [57], m-electron stacking interactions. To have such flexible framework
following criterions needed to be satisfied [58]; SBU in the framework should have
mirror plane with carboxylates, ratio of the number of carbons in the carboxylate
surrounding the cluster to the number of metallic atoms within the cluster must be

greater than two, the carboxylate should be involved to framework and the existence
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of odd cycles in the structure, both at the level of the cluster and/or at the level of the
topology of the skeleton, is unfavorable for dynamic effects, owing to their rigidity.
The porous framework should possess these criteria simultaneously in order to have
such flexible behavior. This kind of behavior emphasizes the importance of MOFs as
they can be used in drug storage and delivery, adsorption and separation processes, and

sensors applications.

AN
05\

Closed Phase Adsorbed Phase

Figure 1.24: A depiction of gate opening process by adsorptive pressure [60].

In the case of rigid frameworks, a guest molecule with a diameter that is higher than
the width of the opening between the cavities, would not move along the framework,
therefore, such an adsorption process would be failed. Gate-opening process is
considered within the sense of flexible behaviors of MOFs (Figure 1.24), that a gate
refers to an opening that connects the cavities to each other in the framework structure.
Stretching (opening) of gates is a process that is stimulated by external effects such as
temperature [59], pressure [60], electric field and concluded to phase transformations
in the frameworks [61], therefore, even a guest molecule that is larger than the gate can
move along the gates during the adsorption/desorption process [62]. This structural
behavior also causes wide hysteresis loop in adsorption/desorption isotherms [63]
which is considered storing fluids at high pressure, keeping them adsorbed at much
lower pressures (which is good for safety reasons), and releasing them completely at

low pressures.

Guest molecules that they are moving throughout the framework, have to pass the gates
to proceed among the cavities, which makes the gating effect fundamentally important,
since that effect also modifies the diffusivity of guest molecules through the porous

network. As a consequence, effective diffusion in the framework can be affected by
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two barriers, cavities (small and large pores) and gates. Therefore, if gate structure
involved a framework structure, diffusion would be limited by gate opening processes,
that needs more activation energy in the comparison of diffusion activation energy of

cavities [64].

MFU-4 (Figure (1.22)) and MFU4-type structure MFU-4/, have been investigated by
the means of gating effect, also their adsorption and diffusion behavior were examined
[35]. In the paper, they have shown that, MFU-4/ with 9.1 A pore aperture allows
free diffusion and adsorption different guest molecules whereas MFU-4 with 2.5 A
pore aperture behaves highly selective in the sense of adsorption of guest molecules.
Therefore they have proposed the MFU-4 for the molecular sieving applications, which
has been successfully carried out by Hirscher M. et. al. Since Hp/D, mixture
separation is a crucial process for significant applications like fusion reactions, nuclear
power production, it is found that H /D, mixture separated by exploiting narrow
openings in MFU-4 structure (2.5 A), that is called quantum-sieving technique with

high selectivity results that had never been achieved before [65].

1.4.1 Production methods

MOFs can be synthesized by self-assembly of organic ligands and metal ions. There
are two ways to tune pore size and provide desired surface chemistries: 1) direct
assembly of new MOFs from particular metal nodes and organic linkers and 2) the
pre-constructed robust precursor MOFs are modified by the post-synthesis. The
porous materials in this study were synthesized by using direct assembly method with

solvothermal and microwave irradiation synthesis techniques.

1.4.1.1 Solvothermal synthesis

Solvothermal synthesis is a method of producing chemical compounds where the
constituents held together in an stainless steel autoclave at specified temperature and
pressures for some time. It is similar to hydrothermal route, the only difference is
that precursor solution is usually not aqueous. Thus, solvothermal synthesis allows for
the precise control over the size, shape distribution, and crystallinity of metaloxide

nanoparticles or nanostructures. These characteristics can be altered by changing
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certain experimental parameters, including reaction temperature, reaction time, solvent

type, surfactant type, and precursor type.

1.4.1.2 Microwave irradiation synthesis

Microwaves act as high frequency electric fields and will generally heat any material
containing mobile electric charges, such as polar molecules in a solvent or conducting
ions in a solid. Polar solvents are heated as their component molecules are forced to
rotate with the field and lose energy in collisions, in other words, an increase in the
heat of the material is observed as a consequence of resistance against current which

is influenced by applied electric field.

The effect of microwave irradiation on chemical reactions is usually described by
comparing time needed to obtain a desired yield of final products compared with
conventional thermal heating. Research in the area of chemical synthesis has shown
potential that advantages in the ability not only to drive chemical reactions but to
perform them more quickly. The benefits of microwave irradiation method over the

conventional methods can be itemized as follows [66];
e Microwave processing frequently leads to reduction in reaction times and higher
yields

e The choice of solvent for the product is not governed by the boiling point but
rather by dielectric properties of the reaction medium which provides an easiness

to control of medium by adding polar materials

e The process is more-efficient since the in-core heating of the medium achieves

uniform heating of the medium

As a summary, number of MOFs with their production methods and H; sorption

characteristics are given in Table 1.1;
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It is known that mostly transition elements are used with appropriate linkers for the
construction of MOFs. It is because, the electrons added to the transition metals go
into the d-orbitals, however, because the energy of the 4s orbital is lower than the 3d
orbital, the 4s orbital fills first. So, the outermost d orbitals are incompletely filled
with electrons, then, transition metals can easily give and take electrons. It is common
that metal ions can aggregate around a small anion, such as 0?~, OH or Cl, or
with the donors of the bridging linker such as a carboxylate group. Therefore, using
transition elements allow to generate framework structures that they can have varied
directionality of linkers bringing ability to control pore size and shape. There are tens
of zinc or copper based MOFs, but a few magnesium based MOFs because of the
reason that d-block metals provide divesity, therefore, varied porous frameworks can

be obtained with varying specifications such as pore shape and pore size.

As seen in Table 1.1, number of MOFs are given with their production methods and
H; sorption data. Their H, uptake is surface area, Hy uptake, and heat of adsorption

are varied.
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2. EXPERIMENTAL METHOD

Experimentally, the H, adsorption properties of two samples have been investigated

and samples have been characterized utilizing scanning electron microscopy and XRD.

2.1 Sample Preparation

Both samples were synthesized by S. Biswas et. al., who have investigated a different
version of the samples in their study [52]. For the samples those investigated in this
study, H;BBTA ligand has been synthesized by similar method that Hart and Ok used
[76]. All other starting materials were of reagent grade and used as received from the

commercial supplier.

One of the samples, MFU4.Br-1 (MFU4 bromite version 1), was synthesized with
solvothermal method which has been explained in Section 1.4.1.1. Synthesization has
been carried out by following steps: a mixture of anhydrous ZnBr, and Hy — BBTA was
dissolved in DEF, and this solution was placed in a glass tube. The tube was sealed and
heated at 120 °C for three days, after cooling the sample was filtered and the remaining
microcrystalline solid was washed with DEF. Afterwards [ZnsBry4 (BBTA),| was dried
in air.

Another sample, MFU4.Br-2 (MFU4 bromite version 2), was produced with
microwave irradiation method (see Section 1.4.1.2). A mixture of ZnBrp and Hy —
BBTA in DEF, was placed in Pyrex sample tube. The sample tube placed in Microwave
synthesizer (CEM, Discover S), and heated to 100°C at 150 W, it was kept under
this conditions for 10 minutes and then cooled to room temperature. Afterwards the
resulting microcrystalline material, was washed with DEF and methanol, later the

sample was allowed to dry at ambient conditions.
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2.2 Sample Characterization

2.2.1 Sem & xrd investigations

To elucidate particle shape and particle size of the samples Scanning Electron
Microscopy technique has been used. SEM images of the samples were taken by with

FEI-Nova 600 NanoLab device, and they are shown on the Figures 2.1 and 2.2.

MFU-4 Br2

Figure 2.1: SEM Images of the Samples at 20000x magnification. Left: MFU4.Br-1
Right: MFU4.Br-2

HV mag O | det | WD
5.00 kV |50 000 x| TLD | 5.4 m

Figure 2.2: SEM Images of the Samples at 50000x magnification. Left: MFU4.Br-1
Right: MFU4.Br-2

As it is seen in Figures 2.1 and 2.2, crystalline shape of both of the samples are cubic.
Nevertheless grain size distribution of the samples differs strongly. In order to obtain

mean grain size of the samples, Fiji ImageJ, image analysis software has been used.
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Images were loaded to the software, and 75 grains of MFU4.Br-1 and 200 grains
of MFU4.Br-2 have been picked from the SEM images to calculate mean particle
size. MFU4.Br-1 possesses uniform distribution profile, where the all grains show a
similar size of about 190 nm (Figure 2.2 left) whereas MFU4.Br-2 possesses bimodal
distribution with small and large grains of about 200 nm and 50 nm, respectively, which

leads the average grain size of about 102 nm.

X-Ray diffraction method is used to determine the crystal structure of samples. In this
study, XRD measurements were performed by the sample synthesizer group, Seifert
XRD 3003 TT powder diffractometer equipped with a Meteor1D detector, 40kV,
40mA, Cu Ko = 1.54178, scan speed of 10 s per step and a step size of 0.02° in
260. For the MFU4.Br samples, there was no reference number to interpret the XRD
peaks at that moment. Instead, a comparison between MFU4 and MFU4.Br has been
done, since the only difference between MFU4 and MFU4.Br is the existing anion
(Br~ instead of C/7) in the structures (see Section 1.4) therefore their XRD results

should be similar.

Comparison of XRD Results Between MFU4.Cl and MFU4.Br

MFU4.CL
MFU4 .Br
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Figure 2.3: A Comparison of XRD Results between MFU4 Samples. Red: MFU4
Blue: MFU4.Br

In Figure 2.3, MFU4 and MFU4.Br XRD results have been compared. As it is seen in

the Figure 2.3, the peaks are located almost at the same angles which is a proof of their
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structure is the same, and the components of the MFU4 can be seen at the reference
CCDC number 723714, 723715 and 723716 for MFU4 ( [52]). A comparison of XRD
results of MFU4.Br-1 and MFU4.Br-2 samples is given in Figure 2.4.
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Figure 2.4: XRD Results of the Samples. Red: MFU4.Br-1 Blue: MFU4.Br-2

In Figure 2.4, there is no significant difference between the peaks. The difference can
be observed only for the width of the peaks, due to the samples having different grain

size distributions.

2.2.2 High pressure hydrogen storage

2.2.2.1 Measurement device

One of the possible ways to measure adsorption properties of porous materials as it
is explained Section 1.3.4.1 is, exposing a material with a well-known amount of gas
and precisely diagnosing the pressure drop according to adsorption which occurs on

material surfaces.

In this study, PCTPro-2000 from HyEnergy LLC (Setaram Inc.) has been used
to measure Hy gas adsorption properties of the samples. The instrument measures
adsorbed amount of H, using volumetric method (Section 1.3.4.1) employing high and

low pressure transducers (from 0.1 to 200 bar). For the security measure, all hydrogen
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valves and the pressure regulators are controlled pneumatically and there are no electric
solenoid contact with the working gas. Temperature in the gas reservoirs is controlled

to maintain a constant gas temperature with +1°C uncertainty.

Vent Large e Sample
Reservoir = SOUTCE
Bypass

Vac

3D
Pressure Regulator oser

H2 %)
He

Sample
Holder

Figure 2.5: Representation of operating system of PCT.

Figure 2.5, shows the operating system of PCTPro-2000. H, and He gas supply tubes
are connected to lines and the pressure of the tubes are adjusted by ordinary regulators.
The amount of gas that will be introduced to the sample holder is adjusted by a pressure
regulator (on the figure), then the adjusted amount of gas is released through the lines,
to fill up the reservoirs. These reservoirs are connected to a doser which includes a
rotating valve that is arranging the gas flow direction with three possible positions on
it (the red, yellow and green lines on the doser, Figure 2.5). Position source, connects
the reservoirs to a pressure gauge therefore enables the determination of the pressure
in the reservoirs, the sample position on the rotating valve, connects the sample line to
the gauge which helps to determination of the current pressure of the sample holder,
and the third option, bypass, connects the reservoir line to the sample, which loads the
gas in the reservoirs to the sample holder. The bypass option also evacuate sample
by a turbo molecular pump connected to the V. line (vacuum line), when adsorption
measurement is not in progress. The line Vent (ventilation) stands for removing of gas

inside the lines, before vacuum process is started.

To start an adsorption measurement, volume of the empty sample holder should

be known. Thus, the helium expansion test is performed prior to the adsorption
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measurement in order to determine the empty sample holder volume and skeletal
volume of materials. For that, the reservoirs and sample holder are evacuated for
several hours, and helium gas is introduced into the reservoir. Since the reservoirs
volume is already known as 0.51cc, the amount of gas in the reservoirs can be

calculated from the corrected ideal gas law that is given by Equation (2.1);

n _ PHeVres
He ™= "7RT

(2.1)

releasing the helium gas in the reservoirs and filling up the sample holder, cause a
pressure drop in the reservoirs. This drop in the pressure, is used to calculate the

sample holder volume by applying Ideal gas law with the correction factor;

 npe-R-T-Z

V.
sh Peq

— Vs 2.2)

The volume of empty sample holder (Vj;) is obtained by Equation (2.2). Therefore,
skeletal volume of an adsorbent porous material can also be calculated. It should
be noted that, before starting to determination of skeletal volume of porous material,
porous material should be heated up to high temperatures (~ 200 °C) under evacuation,
to remove remaining solvent in pores which comes from the production process of
porous materials. Heating process (activation) can be easily carried out by using
electrically resisting copper block (Figure 2.6). For the activation process, porous
material is placed in the sample holder and heated above the evaporation temperature

of solvent and maintained at this temperature for several hours under vacuum.

Afterwards, similar to the determination of the sample holder volume, skeletal volume

of the sample is determined by Equation (2.3);

nye R-T-Z
Ve = Vies + Von — eP— 2.3)
eq

In the adsorption measurement, adsorbed H, amount is calculated using former

determinations. First, reservoir is filled with well-known hydrogen gas pressure Py,,
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then the reservoir valve is opened. In this case, a decrease in the gas pressure, Py,,
arise from the expansion into the volume Vy;, — V. and adsorption of H, molecules on
the surfaces of porous material. The adsorbed amount is the difference between the
total amount of gas (7;.,;) and the amount of gas which is present in the gas phase at

equilibrium;

Nads =Ntotal — NH,
_ Pini - Vies . Peq - (Vres + Vo — Vsk) 2.4)
‘R-T Zpgq ‘R-T

Zp,

ini

the amount of H, obtained from Equation (2.4) (n.4), refers to excess adsorbed

amount (see Figure 1.6).

In the equations above (Equations (2.1)-(2.4)) the reservoir volume V,,,, was already
determined by company, once, as 0.51 cm? whereas the sample holder volume, Vg, has
been calculates as 1.27 cm?® and these constant volumes were used in the calculations of
adsorbed H; amount. Typically, 100 —200 mg of sample mass is used, and the skeletal

volume of sample has been determined prior to the each measurement.

All H, adsorption measurements have been performed in this work, following the
procedure explained above. Nevertheless, to calculate the heat of adsorption of
the sample, H, uptake measurements have been performed at varying cryogenic
temperatures. These low temperatures allow obtaining precise results, since H, uptake
is very low at ambient conditions. In this study, to obtain cryogenic temperatures
in the sample holder, two substances have been used: one is liquid nitrogen, which
has boiling point at 77 K, and the other one is liquid argon having the boiling point
around 87 K. The run of the measurements at the cryogenic temperatures is based on
cooling down the sample holder, simply, by sinking it down in a cryostat (Figure 2.6:
left) which is filled with one of the liquids (argon, nitrogen). Since the liquids are
at the ambient conditions, evaporation occurs from the open liquid surface and when
the liquid goes down to a critic level which causes fluctuations in the temperature
of sample holder. Therefore, the level of liquid in the cryostat has been controlled

precisely (Figure 2.6a) during adsorption measurements.
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Figure 2.6: Cooling systems for the PCTPro-2000. Cryostat Bath for cooling with

liquid nitrogen or liquid argon (a). Cooling system for temperatures above
87 K (b).

In order to obtain a better insight of adsorbate-adsorbent interaction, the sample needs
to be cooled to cryogenic temperatures. As it is seen in Figure 2.6b, to perform the
measurements at higher temperatures from the boiling temperature of liquid N, such
those 97 K, 112K, 127 K, sample holder is heated up to one of the desired temperatures
with a resistive copper block. The electric current of resistive element is controlled by
a PID controller, and since at these temperatures evaporation of liquid Ny, is fast, level
of liquid argon in the cryostat has been checked by a sensor that give alerts when the

liquid argon level goes down under the critic level (Figure 2.6b).

However, even the measurement temperature and the pressure in the sample holder is
monitored precisely, an error introduced for the evaluation of adsorbed H, amount,
since the gas densities vary between the cooled sample holder and the reservoir at

ambient temperature. Therefore, this error is corrected by calibrating the equipment.
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2.2.2.2 Calibration

As it mentioned before two calibration procedures are needed to obtain correct results.
One is the calibration of the heating device and the other one is amount of adsorbed

H» correction.

For the temperature calibration, to maintain the desired temperature in the sample
holder (77 K, 87 K), the sample holder is waited at one of the temperatures for some
time (approx. 45 mins), which ensures the temperature in the sample is equal with
the measured temperature of the copper block. In order to justify that the measured
temperature is equal to the actual temperature in sample holder at the temperatures
higher than 87 K, H, adsorption measurement is performed twice; one is performed
with liquid Ar and the second one with resistive block at the adjusted liquid Nj

temperature (87 K) to compare to the result of first one.
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Figure 2.7: The adsorption measurements at 87 K. MFU4.Br-1, blue spheres show the
adsorption isotherm at 87 K with liquid argon, and the white spheres show
the adsorption isotherm at adjusted liquid nitrogen temperature ~87 K (a).
MFU4.Br-2 blue spheres show the adsorption isotherm at 87 K with liquid
argon and the red plus signs show the adsorption isotherm at adjusted
liquid nitrogen temperature ~87 K (b).

Figure 2.7 shows, the adsorption measurements of MFU4.Br-1 and MFU4.Br-2 at 87 K
with liquid argon and with adjusted liquid nitrogen temperatures, in Figures 2.7a and
2.7b. The adsorbed amounts in Figure 2.7 show a small deviation, arose from the

temperature in the sample holder since it is adjusted with the PID controller.
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The other calibration is done to eliminate temperature difference of the different
regions of the instrument. For example, the temperature of reservoirs always at
room temperature whereas the temperature in the sample holder varies by chosen
measurement temperature (one of 77K, 87K, 97K, 112K, 127K). Therefore the
decrease in the pressure when the bypass valve turns to sample, is affected from three
variables: one is from the expansion through the sample holder volume, the second
one is the temperature difference between the reservoir and the sample holder and the
last one from the amount of gas that is adsorbed on the surfaces of adsorbent. Since,
the expansion volumes are known and constant, the temperature difference should be

corrected to get the adsorbed amount of Hj.

To correct this, the instrument is operated with sea sand. Since H, adsorption is very
low, -because of extremely low surface area of sea sand- compared to the amount of
adsorbed by MOFs, sea sand could be considered as non-adsorbing material. This
helps to determine the pressure drop that is affected from the temperature difference of
the reservoir volumes and the sample holder. In order to get precise results, 5 different
sea sand measurements were taken at each temperature. The plots of concentration in

the sample holder against corresponding pressures are given in Figure 2.8
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Figure 2.8: The adsorption measurements with different sea sand weights at different
temperatures

In Figure 2.8, by decreasing the temperature, and increasing gas density Hj

concentration increases. The slopes in Figure 2.8, is used to derive a second plot which

contains the slope of the each lines in Figure 2.8 on the y-axis, and the corresponding

sea sand mass on the x-axis in Figure 2.9).

55



T T T T T T T T T 1.2x10% - T T T T T T T T ] m 87N
® 97K
2.6x10™ 4 - s 77K| ° . oK
» e 87K 1.0x10* & 4 v 127K
RT
2.4x10* 4 " B 8.0x10° ° -
s n s X v °
= = v v
2 2.2x10% B =3 5
5 6.0x10° v g
2 . 3 v
k=] ° ] g
< 2.0x10% 4 ° . < 40x10°4 1
° o
2 ¢ - & 2ox0°] 1
o 1.8x10% o 4 % -0x
n °
0.0 4
1.6x10* o B
° -5
-2.0x10° 4 E
T T T T T T T T T T T T T T T T T T
100 0 100 200 300 400 500 600 700 800 100 0 100 200 300 400 500 600 700 800
Mass (maq) Mass (mg)

Figure 2.9: The slope of adsorption measurements with different sea sand masses and
at different temperatures

In Figure 2.9, each point at the plots refer to the slope of a measurement that has been
shown in Figure 2.8, by linear interpolating of these points a slope is obtained. Again
the slope of each plot in Figure 2.9 is calculated and these slopes are subtracted from
H, adsorption measurement plots of adsorbent. Thus, the error which is coming from
the different volume expansion at different regions (reservoir and sample holder) is

compensated, and the excess uptake of the porous material is obtained.

2.2.2.3 Procedures for measurements

Prior to each measurement, the samples have been activated at 150 °C under high
vacuum for 6 hours. To prevent any sample contamination by atmosphere, Hj
adsorption and desorption measurements have been performed right after activation

process.

Adsorption and desorption measurements of the samples were obtained by Sievert-type
apparatus, PCTPro-2000 instrument (Figure 2.5), at several temperatures (77 K, 87 K,
97K, 112K, 127 K 298 K) and equilibrium H; pressure in the sample holder allowed
up to 25bar. The progresses of the all adsorption measurements are typical and a

sequence of an adsorption measurement is shown in Figure 2.10 as an example;
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Figure 2.10: Progress of the PCT Measurement

At the beginning of the measurements reservoir in the instrument is filled with 1 bar Hj
pressure, then by-pass valve is released the amount of Hy through the sample holder.
After this point pressure changes in the sample holder is monitored by the instrument
for some time (At in Figure 2.10) until equilibrium in concentration has been reached
(very small changes in concentration). It should be noted that, the At depends on
a variable that allows controlling the time span that is between the time hydrogen
loaded to the sample holder, and the time H; pressure changes in the sample holder
will be considered by the instrument. For example if the time span is chosen as one
minute, after one minute H, loaded to the sample holder, the instrument will decide the
equilibrium concentration is reached or not. When the H; pressure in the sample holder
reaches an equilibrium concentration (see red dots in Figure 2.10), then the instrument
turns the valve to source position, connection between reservoirs and the sample holder
cut and next step takes place. Reservoirs are filled with higher pressure (AP on the
figure) and then released through the sample holder. This progress goes until 25 bar
equilibrium Hj pressure is reached in the sample holder, and then desorption part of

the measurement starts.
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The desorption part is exactly reverse of the adsorption process, a lower gas pressure
in the reservoirs than the pressure inside the sample holder is created, then the by-pass
valve allows to pressure come to an equilibrium, which means H, gas pressure in the
sample holder is sucked. Since desorption part of measurements is applied to check
if the isotherm of sample shows hysteretic behavior or not, measurement is finished
either at the pressure that the sample does not possess hysteresis or it shows permanent
hysteretic behavior at relevant temperature. Total measurement time vary with the

measurement temperature and the adsorption behavior of the sample in the holder.

The sorption measurements in this study have been performed by varying H, pressure
loadings and the time spans. The details of the sorption measurements have been given

in Table 2.1:
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In Table 2.1, there are different number of measurements at different temperatures
and, applied H; pressures and time spans. The adsorption measurements below room
temperature have been performed under the following conditions at once: between 0
and 10 bar equilibrium pressures, increment in H pressure at each step (AP) has been
applied as 4 bar whereas between 10 bar and 25 bar equilibrium pressures, H; pressure
increment changed to 8 bar (AP). Nevertheless, in some of the measurements, applied
H, pressure has been kept constant (measurement numbers: 9,11, and 12) and for
measurement number 3, applied H, pressure changed 3 times as 4 bar, between 0 and
1.44 bar; as 10 bar between 1.44 bar and 4.19 bar; as 4 bar again between 4.19 bar and
4.46 bar; finally, applied H; pressure has been kept constant as 28 bar between 4.46 and
25 bar equilibrium pressures. For the desorption part of the measurements, 10 bar Hj
pressure difference has been applied between the sample holder and the reservoirs,
until the pressures that hysteresis is not seen. For most of the sorption measurements,
time span has been chosen as one minute, in the case of hysteretic behavior has been
observed in a measurement, applied H, pressure and the time span conditions have
been varied to eliminate the hysteretic behavior (77 K, 87 K measurements in Table

2.1).

When H, sorption measurement of sample is completed, equilibrium H, concentra-
tions (red dots on Figure 2.10) at corresponding pressure are saved by the device, and

these data have been reported as excess Hy uptake isotherms.
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3. RESULTS AND DISCUSSION

3.1 H, Uptake Results

H; adsorption and desorption properties of MFU4.Br-1 and MFU4.Br-2, have been
investigated and the results are given below. The adsorbed H; amount has been

reported in wt%, that is defined in the following equation;

Youptake = _ Mads 3.1
Mgqs +ms

where m,;; in the Equation (3.1) is the amount of hydrogen that is adsorbed on the

surface of the samples, and mg is the weight of samples.

Hj; adsorption isotherms of MFU4.Br-1 are shown in Figure 3.1;
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Figure 3.1: Full isotherm of MFU4.Br-1 at 77 K!, 87 K2, 97 K*, 112 K®, 127 K7, and
RTS.
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As seen in Figure 3.1, a distinct difference in the adsorbed H; amount has been
observed at 77 K among the cryogenic temperatures, that the lowest H, uptake has
been obtained at the lowest temperature (77 K). The adsorbed amount is increased by
increasing pressure (isotherm shape is linear), indicating MFU4.Br-1 is not saturated

at the given pressure range.

H, uptake increases and shows typical type I BET isotherm at 87 K. The isotherm
shows a steep increase at low pressures and this steepness gets less pronounced as
the loading pressure increases. Similar to the measurement at 77 K, maximum uptake

could not be obtained at 87 K.

Likewise the isotherm at 87 K, the isotherm at 97 K shows a steep increase at low
pressures that is getting saturated at high pressures. Additionally, as seen in Figure

3.1, the highest H; uptake has been obtained at 97 K.

H, uptake at 112K, shows lower uptake than the uptake at 97K, and similarly,
the measurement at 127 K, exhibit lower uptake than the 112 K. Whereas at room
temperature, the H, uptake increases linearly with increasing pressure that is due to
H; uptake mainly correlates with the free volume, as the interaction between hydrogen

molecule and the host surface is very weak at room temperature [20].

The adsorbed H, amount is increased by increasing temperature in the temperature
range of 77 K-97 K, such behavior would not be expected in an exothermic process.
However, this behavior has been observed with CuTEI by Zhao et. al., that H, uptake
at 77K is less than that of 87K, and in addition, H, uptake decreases where the
measurement temperature is increased to 113 K [77]. Similarly, MFU4.Br-1 shows the
lowest uptake at 77 K, that is due to strong blocking effect of the narrow apertures
between the large and small cavities in the framework structure with the opening
length of 2.52 A. The apertures lead an inaccessible pore structure for the diffusing
H, molecules with the kinetic diameter of 2.89 /0%, these cannot overcome potential
barrier of the aperture at 77 K. The H, uptake increases with increasing temperature
up to the measurement at 97 K. The increase in the thermal energy leads to an increase
in the kinetic energy of diffusing Hy molecules while decrease in the kinetic barrier

effect of the aperture. Therefore, H, molecules pass through the apertures and get
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adsorbed into the large and small cavities. Subsequent to 97 K, H, uptake decreases as
the measurement temperature is increased to 112 K and 127 K. Because the increase

in the thermal energy interrupts H, molecules adsorbed on the surface of MFU4.Br-1.

Apart from the adsorption isotherms, the H; uptake measurements at 77 K, 87 K, and

97 K show hysteresis. The isotherms are given in Figure 3.2;
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Figure 3.2: Adsorption and desorption measurements of MFU4.Br-1 at 77K, 87K,
and 97K: The full symbols show adsorption part of the measurement
whereas the open symbols indicate the desorption part. The small numbers
in uppercase refers to the measurement number in Table 2.1

As seen in Figure 3.2, a difference exists in the adsorbed and desorbed amounts of H;
in all three isotherms and it is getting more pronounced at low pressures. Particularly at
77K, adsorbed H, amount increases with decreasing pressure in the whole desorption
part of the measurement. However, H, uptake starts to decrease below ca. 18 bar for
both of the measurement, no:2 and 3 at 87 K, and this decrease occurs below ca. 22 bar

in the desorption part of the measurement taken at 97 K. Nevertheless, the difference
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in the adsorbed and desorbed H; amounts get less pronounced as the measurement

temperature increases.

The hysteresis mechanism at all three temperatures is the same: H, molecules still
diffuse into the grains of MFU4.Br-1, even in the desorption part. This is because of
the fact that a real equilibrium time needed for the sorption process in those kinetically
closed pores is much longer than the experimental time scale [77]. The kinetic energy
of the diffusing H, molecules is not sufficient to pass through the apertures, also fill
the grains in a reasonable time in the adsorption part. As a consequence of that, H,

molecules get adsorbed in the desorption part of the measurements, as well.

The reason for the progressive uptake behavior in the desorption part of the
measurement at 77K is that the kinetic blocking effect so strong that the H;
concentration cannot reach an equilibrium at any given pressure in the provided time
of the adsorption, therefore, they still diffuse into the grains in the whole desorption

part of the measurement.

Nevertheless, since the mobility of the H, molecules at 87 K is faster than that of
77 K,Hy molecules fill the grains completely within the less time compared to 77 K,
but still in the desorption part. Subsequent to grain filling, H, uptake decreases with
decreasing pressure, because H, molecules start to sucked out from the grains, after
the filling time in the desorption part. Although the time span has been increased to
40 minutes (check the measurement conditions on Table 2.1) to remove the hysteresis
at 87 K, the difference in the adsorption and desorption isotherm became wider, that
is because less time spent for the adsorption isotherm in middle pressure range (less
points obtained in the middle pressures, see in Figure 3.2b) than the desorption part

pressure ranges.

However, the hysteresis become narrower at 97 K (Figure 3.2c), that is due to mobility
of the H, molecules increases, so they fill and empty the grains faster in comparison to

measurements performed at 77 K and 87 K.

H; uptake results for MFU4.Br-2, are shown in Figure 3.3;
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As seen in Figure 3.3, adsorption isotherms of MFU4.Br-2 similar to the adsorption

isotherms of MFU4.Br-1, except 77K. In spite of the hysteretic behavior of

MFUA4.Br-1, the hysteresis disappears above 77 K, indicating smaller diffusion barrier

exist within the grains of MFU4.Br-2, leading to higher uptakes at each temperature

than that of MFU4.Br-1 (see table 3.1).
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As seen in Figure 3.4, MFU4.Br-2 possesses hysteretic sorption behavior at 77 K and
87 K. The mechanism of the hysteresis of MFU4.Br-1 is the same as MFU4.Br-1
that, the H, molecules diffuse into MFU4.Br-2 grains in the desorption part. In the
measurement no.8, below ca. 12bar H, molecules come out from the MFU4.Br-2
grains in the desorption part. Even the time span has been increased to 30 minutes,
hysteretic behavior remained at 77 K. The hysteresis became narrower at 87 K with
the time span conditions of 1 minute and 20 minutes (measurement no.10 and 11).

However, when the time span is increased to 40 minutes, the hysteresis disappeared at

87K.

Table 3.1: H, uptakes in wt% and corresponding measure-
ment times of MFU4.Br-1 and MFU4.Br-2.

MFU4.Br-1 MFU4.Br-2 Ratio of [wt %]s*

[wt %] [wt %]
77 K 0.33! 1.828 5.52
87 K 1.382 2.0510 1.49
97 K 1.49% 1.8513 1.24
112K 1.356 1.5514 1.15
127K 1.217 1.415 1.17
RT 0.128 0.15'6 -

*. Ratios have been calculated as ratio of MFU4.Br-2 to
MFU4 . Br-1.

The numbers in uppercase refers to the measurement
numbers in Table 2.1.

As seen in Table 3.1, H; uptake increases with increasing temperature among the
varying temperature ranges between the samples. H, uptake of MFU4.Br-1 increases
at all temperatures (77 K, 87 K, and 97 K), whereas, MFU4.Br-2 shows similar increase
after the temperature of 77 K to 87 K. The difference in the temperature range between
the samples, arises from the mobility of Hy molecules is being higher in MFU4.Br-2
than that of MFU4.Br-1. The ratio of H, uptake of the samples is very high at 77 K,
and it starts to decrease by increasing the measurement temperature, indicating that the
temperature dependence of MFU4.Br-1 (large grains) is stronger than MFU4.Br-2. The
stronger temperature dependence probably arises from the differences in the average

grain sizes between the samples.
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H, uptake isotherms at 112 K and 127 K are fully reversible (showing no hysteresis)
for both of the sample, and a comparison between the isotherms are given in Figure

3.5.
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Figure 3.5: Excess uptake comparison between MFU4.Br-1 and MFU4.Br-2 at

reversible temperatures, 112K and 127 K. Same colors indicate same
temperatures whereas same symbols indicate the uptake data for that
sample at different temperatures. L and S in the figure, indicate the mean
particle size as large and small, respectively.

As seen in Figure 3.5, a difference has been observed in the H, adsorption isotherms
between the samples, at 112K and 127 K. This difference would not be expected at
the temperatures where the isotherms are reversible, since the chemical composition
and the crystal structure of the samples are the same. The only difference between
the samples, is their grain size distribution. However, no reason could have been told
with the grain size distributions that would elucidate the difference in the uptake of

MFU4.Br-1 and MFU4.Br-2 at the temperatures where the isotherms are reversible.

3.1.1 Heat of adsorption

69



In the previous section, the Hy uptake of the samples and their hysteretic behavior
has been discussed. Although the amount of H; that is taken up from the sample
is important property among the porous H, storage materials, in addition to that,
the binding strength of the H, molecules on the surface of the materials has a great

importance, as it has been explained in Section 1.2.2.3.

The binding strength of H, molecule on a surface is determined by isosteric heat of
adsorption. The isosteric heat of adsorption of the samples, has been calculated from
the absolute adsorption isotherms and Clausius-Clapeyron equation (see Equation (1.2)

in Section 1.3.4.1) and the results are given in Figure 3.6;
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Figure 3.6: Heat of adsorption of MFU4.Br-1 (left) and MFU4.Br-2 (right).

As seen in Figure 3.6, MFU4.Br-1 and MFU4.Br-2 possesses ~ 6kJ mol~! heat of
adsorption. In a microporous structure with a varying pore size, its heat of adsorption
would be expected as distinct regions indicating the heat of adsorption in the small
pores and the large pores. However, in Figure 3.6 almost constant high heat of
adsorption has been observed due to the diffusion of H, molecules controlled by the
small pore or aperture [35, 78]. Since the small and large pores exist in an alternating
fashion in the MFU4.Br structure, H, molecules cannot diffuse independently from the
pore size therefore the distribution of the heat of adsorption cannot be separated upon

the pore sizes.

It should be noted that, since the four adsorption isotherms are reversible (87 K, 97 K,
112K, and 127 K), the heat of adsorption of MFU4.Br-2 have been determined over
a wide range of surface coverage (Figure 3.6 right). On the other hand, since only

the two isotherms are reversible (at 112 K and 127 K, see Figure 3.2) for MFU4.Br-1,
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therefore the heat of adsorption of MFU4.Br-1 has been calculated in limited range of
uptake. At low pressures the uptake curve is very steep and at high pressures a large
error in the uptake is introduced, therefore the heat of adsorption of MFU4.Br-1 has
been calculated in medium pressure ranges of the measurements at 112 K and 127 K.

Even though initial and final heat of adsorptions of MFU4.Br-1 are missing in Figure

3.6, middle ranges overlap with MFU4.Br-2 as expected for the same structures.

3.2 Kinetic Evaluations

To interpret the progress of the diffusing H, molecules in the samples, the kinetics of
the adsorption measurements of the samples have been investigated. For a comparison,
the plots of H, uptakes, fractional concentrations and the duration of samples are given
in one figure. It should be noted that the plots are given below, evaluated from identical
measurement conditions among the samples. The fractional concentration refers to the

ratio of each concentration to 25 bar equilibrium concentration. The results are as
following;

@ MFU4.Br-1 /\
@ MFU4.Br-2

Figure 3.7: Kinetic Behavior Comparison between MFU4.Br-1 and MFU4.Br-2 at
77K
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As seen in Figure 3.7, MFU-4.Br-1 shows very low uptake in a short time. As
it is stated before that because of the kinetic barrier effect is strong at 77 K, the
measurement has been completed in short time (~ 200minutes). However, the
measurement time of MFU4.Br-2 at 77K is longer due to lower kinetic barrier
effect comparison to MFU4.Br-1 which allows the H, molecules diffuse through the

framework, leading to the longer measurement time (~ 700 minutes).

® MFU4.Br-1 R op
® MFUA4.Br-2 ©
Figure 3.8: Kinetic Behavior Comparison between MFU4.Br-1 and MFU4.Br-2 at
87K

As seen in Figure 3.8, when the measurement temperature increased to 87 K, duration
of MFU4.Br-1 measurement became longer whereas the duration of MFU4.Br-2 took
less than that of at 77 K. Besides, the Hy uptake of the both samples have been

enhanced.
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@ MFU4.Br-1
@ MFU4.Br-2

Figure 3.9: Kinetic Behavior Comparison between MFU4.Br-1 and MFU4.Br-2 at
97K

Uptake measurements get shorter for both of the samples after 87 K. However, Hj

uptake of MFU4.Br-1 increases whereas the H, uptake of MFU4.Br-2 decreases when
the temperature is increased to 97 K from 87 K (Figure 3.9).
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® MFU4.Br-1 T - @

@ MFU4.Br-2
Figure 3.10: Kinetic Behavior Comparison between MFU4.Br-1 and MFU4.Br-2 at
112K

Similarly, measurement times get closer to each other, at the measurement 112 K. As

seen in Figure 3.10, H, uptake and the measurement time are both decreased.
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@ MFU4.Br-1
@ MFU4.Br-2

Figure 3.11: Kinetic Behavior Comparison between MFU4.Br-1 and MFU4.Br-2 at
127K

As seen in Figures 3.7-3.11, measurement time become shorter for MFU4.Br-2

as the measurement temperature is increased. However, for MFU4.Br-1, the

measurement time increases when the temperature has been increased to 87 K from
77 K. Additionally, the adsorbed amount difference between the samples decreases

while the measurement temperature increasing. The exact values for uptake and

durations are given, in the Table 3.2.

As seen in Table 3.2, the ratio of the times to complete measurements of the samples
decreases with increasing temperature in the range of 77 K-97 K, and it increases as
the temperature is increased further. At 77 K, the ratio is very high, because of the
almost closed pore structure of MFU4.Br-1 does not allow H, molecules pass through
the grains at that temperature. The ratio decreases steeply at 87 K, that it is because
H, molecules pass through the grains and get adsorbed but the process is very slow.
The ratio reaches its lowest value at 97 K, after 97 K it increases as the temperature

increases. This indicates that the kinetics of MFU4.Br-1 is strongly affected by the
increase in the temperature.
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Table 3.2: H, uptake measurement completion time of MFU4.Br-1
and MFU4.Br-2.

MFU4.Br-1 MFU4.Br-2 Ratio )
of the measurement times*

(hrs) (hrs)
77K 3.74 8.44 2.26
87K 12.16 7.23 0.59
97K 9.52 343 0.36
112K 5.29 2.05 0.39
127K 2.06 1.64 0.80
RT 28.43 28.44 1.00

*. Ratios have been calculated as ratio of MFU4.Br-2 to MFU4.Br-1.

MFU4.Br-2 has smaller average grain size than MFU4.Br-1, therefore it offers larger
open surface, which increases the possibility of the entrance of H, molecules into the
grains and provides the molecules get adsorbed in less diffusion lengths. This issue

will be explained by the help of Figure 3.12;

The

/\

3 units of
lengths |

5 units of
lengths

(1) (2)

Figure 3.12: A depiction of diffusion ways for large and small grain.

In Figure 3.12, two different grains are given as large and small (1 and 2) with their 5

and 3 units of length, respectively. These grains are assumed to be consist of MFU4.Br
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crystals. At the top of the figure, the crystal structure of MFU4.Br is given with its two
possible voids for the adsorption of H, molecules: small cavities (orange spheres in
the figure) and large cavities (pale yellow spheres in the figure). H, molecules should
pass the narrow aperture (2.52 nm, apertures in the figure) between the small and large

cavities, to continue to next cell, thus, fill up the grains.

In the scenario of filling the cell that exist in the middle of the grains in Figure 3.12, H;
molecules should progress through the unit cells till the last cell is filled (the dashed
cell in the figure), which means an amount of distances has to be covered in the grains
will depend on the grain size. For example, to fill the grain 1 in Figure 3.12, for
the first layer of cells (((5+4+4+3) x 5)+ 18) x 3 unit length should be covered
and, for the second layer of cells and last cell, ((3+2+2+1)x3)+2)x 3 and
(1) x % units of length have to be progressed by H molecules, respectively. Therefore
to fill 125 unit cells 90.5 units of length has to be covered for the grain 1 in Figure
3.12. By using same evaluation to fill the grain 2, 14.5units of length should be
covered in total. For the same amount of masses of those two samples that amount of
distance yields to, 2443.5 units of length (90.5 x 27) for the grain 1 and, 1812.5 units
of length (14.5 x 125) in the grain 2 has to be covered. The longer units of distance
means, there are more unit cells exist on the way to fill up grain 1, therefore more
apertures, and empty/filled small cavities (those interrupt diffusion of Hy molecules)
need to be passed, in comparison to the grain 2. This approximation also convenient for
MFU4.Br-1 and MFU4.Br-2 since their average grain size ratio (190/102, respectively)
is close to grain size ratio of the samples (5/3) given in Figure 3.12. Therefore, H;
adsorption process occurs faster in MFU4.Br-2 than MFU4.Br-1, since MFU4.Br-2
has smaller grain size than MFU4.Br-1. That also explains that MFU4.Br-1 requires

longer measurement time to be filled.

In order to gather information of diffusing H, molecules in the samples at different

temperatures, diffusivity of H, molecules are calculated.

Diffusion Calculations
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To calculate the diffusion coefficients, natural logarithm of the ratio of concentrations
to equilibrium concentrations at each step (In(1 — (C/C))) is calculated, and a plot is

drawn, In(1 — (C/C..)) against time that gives a line with slope —2D,/r2.

To elucidate the calculation of diffusivity, a sequence of H, uptake kinetic data is

shown in Figure 3.13:
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Figure 3.13: A visual depiction for the diffusion calculation.

As seen in Figure 3.13, uptake measurements consist of H, concentration checks at
corresponding pressure and time. During a measurement, when concentration change
is small enough, then the instrument “decides” equilibrium has been reached (red dots
in Figure 3.12), therefore next H; loading step is applied. For the diffusion calculation,
each concentration step is considered individually. For example, in the figure, step 4
has been magnified and each black point at magnified plot refers to H, concentration
at corresponding pressure. Therefore, according to Equation (1.35) a plot of In(1 —
(C/Cx,)) (C refers to concentration, and C., refers to equilibrium concentration of
step 4) is drawn that gives a straight line, and by multiplication of slope of that line
with 4a? /7 (ais the mean particle size), diffusivity of H, molecules is obtained in that

step.
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It should be noted that the availability of these plots are limited up to pressures that the
adsorption isotherm is linear. Since the linearity of the isotherms vary with the samples
and the measurement temperatures, therefore, for each sample diffusion coefficient
calculated at each step till the linearity of isotherm ends (see the linearity check on
Figure 3.13), and the average value of the slope of each step is used to calculate the

diffusivity of H, molecules at relevant measurement.

In Figure 3.14, a plot of In(1 — (C/Cs)) versus time at 127 K of MFU4.Br-1 is given;

T T T T T T T — T

T
.
) \
3

Ln(1-(C/Coo))

“""6 7260 430 600 800 1001200140016001800

Time (sec)

Ln(1-(C/Co0))

; ; ; ; ; ; ; ;
0 50 100 150 200 250
Time (sec)

Figure 3.14: Plot of In(1 — (C/Cs)) versus time for MFU4.Br-1 at 127 K.

As it is seen in Figure 3.14, it consists of plots of In(1 — (C/Cs)) versus time for
each step of the measurement. To calculate the diffusivity of MFU4.Br-1 at 127K,
these plots should be drawn within the linear region of its excess uptake isotherm.
For MFU4.Br-1 at 127K, the steps up to 1.67 bar have been chosen to calculate the
diffusivity.

The remaining plots of In(1 — (C/C)) versus time of MFU4.Br-1 and MFU4.Br-2 at

corresponding temperatures, are given in APPENDIX A.1 and A.2, respectively.
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The slopes of those plots were obtained by line fitting, and results were multiplied with
4a® /7 (a is the mean particle size) to obtain the diffusion coefficients of the samples.

The results are given in Table 3.3;

Table 3.3: Diffusion Coefficients of MFU4.Br-1 and MFU4.Br-2 at different

temperatures.

MFU4.Br-1 | MFU4.Br-2

(ecm?/sec™ ") | (cm?/sec™ ")

77K 5.51x10712 | 1.05x107!2
87K 2.34x10712 | 1.95x10° 12
97K 1.80x10~ 12 | 2.77x10712
112K 4.05x10~ 12 | 6.34x10712
127K 1.07x107 11 | 1.27x107 11

Diffusion coefficients compared between the samples at different temperatures in

Figure 3.15;
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Figure 3.15: Diffusion Coefficients of MFU4.Br-1 and MFU4.Br-2 at different
temperatures. L and S in the figure, indicate the mean particle size as
large and small, respectively.
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Figure 3.15 indicates that at 77 K, MFU4.Br-1 possesses higher diffusivity than
MFU4.Br-2, which actually is a misleading result since both of the samples are in
non-equilibrium state at 77 K (isotherms are not reversible at 77 K, Figures 3.2 and
3.4). Thus, for the same reason, it is not reasonable to compare diffusivity of the

samples at 87 K and 97 K.

A comparison between the diffusivities of the samples at 112K and 127 K can be
done, since the adsorption measurements at 112 K and 127 K are reversible for both
of the samples. As seen in Table 3.3, at 112 K and 127 K, diffusivity of H, molecules
in MFU4.Br-2 is slightly higher than that of MFU4.Br-1. That is due to less kinetic
barrier effect exist in MFU4.Br-2 having smaller average grain size. In Figure 3.15, it
is clear that diffusion is a temperature controlled process, after reversible isotherm is

obtained, diffusivity increases with increasing temperature for both of the samples.
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4. CONCLUSION

In this study, Hy adsorption of two samples of nanoporous MOF [ZnsBrs (BBTA);]
MFU4.Br-1 and MFU4.Br-2 materials were studied using a PCTPro-2000 manometric
adsorption device, produced by different production methods solvothermal, and

microwave synthesis, respectively. The following conclusions have been obtained:

e H, uptake of MFU4.Br-2 is higher than MFU4.Br-1 at all measurement
temperatures.  The difference in the uptakes gets less pronounced as the
measurement temperatures are increased. This is related with that large grains
possess stronger kinetic blocking effect than the small grains and this blocking

effect gets less effective as the temperature is increased.

e Hj uptakes of MFU4.Br-1 and MFU4.Br-2 have been measured at 77 K, 87 K, 97 K,
112 K, 127 K and room temperature. The highest H, uptake of MFU4.Br-1 has been
obtained at 97 K as 1.49 wt%, whereas MFU4.Br-2 shows the highest H, uptake at
87K as 2.05 wt%.

e Grain size distribution of the samples, has an effect on where the adsorption
isotherm will be reversible. For the sample MFU4.Br-1 has almost uniform grain
size distribution of around 190 nm, hysteresis disappears at 112 K whereas for the
sample MFU4.Br-2 containing bimodal distribution as small and large grains of

about 50 nm and 200 nm respectively, the hysteresis disappears at 87 K.

e An unexpected difference in the uptakes of MFU4.Br-1 and MFU4.Br-2 have been
observed at the temperatures where Hj uptake is reversible, showing no hysteresis

(112K and 127 K).

e H, adsorption enthalpy of the samples has been calculated as ~ 6kJ mol~! from a
limited range of uptake for MFU4.Br-1 whereas MFU4.Br-2 shows almost constant
enthalpy over wide range of uptake. This almost constant enthalpy indicates

diffusion is controlled by the small pores or apertures in the crystal structure.

83



e H; adsorption measurements take longer time in large grains, assigned as kinetic
barrier effect is stronger in the larger grains since there are more apertures and/or

voids (filled or empty) to fill the grains completely.

e Diffusivity of H, molecules in MFU4.Br-1 and MFU4.Br-2 has been calculated
at 77K, 87K, 97K, 112K, and 127 K. The decreasing diffusion coefficient of
MFU4.Br-1 with increasing temperature in the range of 77 K-97 K correlated with

the temperature dependence of the kinetic barrier effect of the large grains.

e Diffusion coefficient increases with increasing temperature after the measurement
of 97K for MFU4.Br-1 whereas diffusion coefficient of MFU4.Br-2 increases at
all measurement temperatures. The highest diffusivity in MFU4.Br-1 at 127 K has
been determined to be 1.07x10~!'! cm? s~! whereas in MFU4.Br-2 the diffusivity

has been found to be 1.27x10~ ! cm2 s~ 1,
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APPENDICES

APPENDIX A.1 : The plots of In(l1 — (C/C)) versus time at the measurement
temperatures (MFU4.Br-1)
APPENDIX A.2 : The plots of In(l1 — (C/Cs)) versus time at the measurement
temperatures (MFU4.Br-2)
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APPENDIX A.1

The plots of In(1 — (C/Cx)) versus time for MFU4.Br-1 at the temperatures between

77 K-127 K, are given below.
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Figure A.1: Plot of In(1 — (C/Cw

)) versus time for MFU4.Br-1 at 77 K.
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Figure A.2: Plot of In(1 — (C/C)) versus time for MFU4.Br-1 at 87 K.
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Figure A.3: Plot of In(1 — (C/Cs)) versus time for MFU4.Br-1 at 97 K.
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Figure A.4: Plot of In(1 — (C/C.)) versus time for MFU4.Br-1 at 112 K.
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Figure A.5: Plot of /n(1 — (C/C.)) versus time for MFU4.Br-1 at 127 K.
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The plots of In(1 — (C/Cs)) versus time for MFU4.Br-2 at the temperatures between
77K-127K, are given below.
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Figure A.6: Plot of In(1 — (C/C)) versus time for MFU4.Br-2 at 77 K.
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Figure A.7: Plot of In(1 — (C/C)) versus time for MFU4.Br-2 at 87 K.
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Figure A.8: Plot of In(1 — (C/C)) versus time for MFU4.Br-2 at 97 K.
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Figure A.9: Plot of In(1 — (C/C.)) versus time for MFU4.Br-2 at 112 K.
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Figure A.10: Plot of In(1 — (C/C.)) versus time for MFU4.Br-2 at 127 K.
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