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ABSTRACT

HYDROGEN ADSORPTION ON Co?*-, Ni?*- EXCHANGED ZEOLITES
ZSM-5 AND US-Y

Sarohan, Nurkan
Master of Science, Chemical Engineering
Supervisor: Assoc. Prof. Dr. Bahar Ipek Torun

August 2022, 130 pages

The increase in greenhouse gases motivates the search for renewable energy sources
and carriers. Hydrogen is an attractive option used as an energy carrier due to its high
gravimetric energy density (140 kJ/kg). Although hydrogen energy has been used in
fuel cell electric vehicles (FCEVSs) at an increasing rate over the years, its storage is
still the main concern. Zeolites, carbon-based materials, and metal organic
frameworks (MOFs) are porous materials that store hydrogen through physical
adsorption. In this thesis, Ni?* or Co?*- exchanged micro-and mesoporous zeolites
ZSM-5 and US-Y are prepared for the hydrogen adsorption tests. According to the
experiments performed at 298 K and up to 10 bar, Ni?*-,Co?"- zeolites show
gravimetric storage capacity in the range of 0.14-0.05 wt.%. The experimentally
calculated initial isosteric heat of Hz adsorption values are between -23 and -40
kJ/mol for Ni?*-zeolites and -15 and -19 kJ/mol for Co?*-zeolites. Ni?*-, Co?*-
zeolites show reversible storage at 298 K and up to 50 bar due to the optimum heat
of adsorption values. Among the results obtained at 298 K and up to 50 bar
experiments, the highest volumetric storage capacity is reached with Meso-Na*,Ni?*-
ZSM-5 by 20 g Hz/L, showing a great potential to be used as H2 storage material at
298 K. On the other hand, calculated high maximum storage capacity values on US-



Y at 77 K (~2.3 wt.%) via the Sips model show that US-Y can be an appropriate
adsorbent for higher pressure or low temperature adsorption studies. The site
information of Co?* and Ni?* cations on the samples are investigated using diffuse
reflectance (DR) UV-Vis spectra and synchrotron powder X-ray Diffraction (XRD).
The results show that hydrogen adsorption mostly occurs on 8 and y sites in Co?*-
ZSM-5. According to synchrotron powder XRD analysis, the highest cation
occupation is detected near Site 111 (in the supercage) of US-Y that are accessible to
H2 molecule. The theoretical site dependent heat of adsorption values (-Eags) are
calculated using both periodic and cluster density functional theory (DFT) for Ni?*-
,Co?*-ZSM-5. B-site and y-site occupation on Co?*-ZSM-5 as well as an additional
a-site occupation on Ni?*-ZSM-5 are also predicted using DFT. Overall, it is found
that the heat of adsorption values calculated from experiments and density functional

theory (DFT) are within the same range.

Keywords: hydrogen adsorption, nickel, cobalt, synchrotron powder XRD, density

functional theory
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Co?*- VE Ni?*- ICEREN ZEOLITLER ZSM-5 VE US-Y UZERINDE H»
ADSORPSIYONU

Sarohan, Nurkan
Yiiksek Lisans, Kimya Miihendisligi
Tez Yoneticisi: Assoc. Prof. Dr. Bahar Ipek Torun

Agustos 2022, 130 sayfa

Sera gazlarindaki artis, yenilenebilir enerji kaynaklar1 ve enerji tasiyici arayislarini
motive etmektedir. Hidrojen, yiiksek gravimetrik enerji yogunlugu (140 kJ/kg)
nedeniyle enerji tasiyicisi olarak kullanilan ilgi g¢ekici bir secenektir. Hidrojen
enerjisi, yakit hiicreli elektrikli araglarda (FCEV'ler) yillar iginde artan bir oranda
kullanilmasina ragmen, hidrojenin depolanma problemi en biiylik dezavantaji
olmaktadir. Zeolitler, karbon bazli malzemeler ve metal organik kafes yapilari,
fiziksel adsorpsiyon yoluyla hidrojeni depolayan gozenekli malzemelerdir. Bu tezde,
hidrojen adsorpsiyon testleri i¢in Ni%* veya Co%*"degisimli mikro ve mezogdzenekli
zeolitler olan ZSM-5 ve US-Y hazirlanmistir. 298 K ve 10 bar'a kadar yapilan
deneylere gore, Ni*-,Co**- zeolitler agirlikca %0.14-0.05 araliginda depolama
kapasitesi gostermektedir. H2 adsorpsiyon degerlerinin deneysel olarak hesaplanan
baslangic izosterik 1s1s1, Ni?*-zeolitler igin -23 ile -40 kJ/mol ve Co?*-zeolitler igin -
15 ile -19 kJ/mol arasindadir. Ni?*-, Co?*-zeolitler, optimum adsorpsiyon 1sist
degerleri nedeniyle 298 K'de ve 50 bar'a kadar yapilan deneylerde tersinir depolama
gostermislerdir. 298 K ve 50 bar'a kadar olan deneylerde elde edilen sonuglar
arasinda, en yiiksek hacimsel depolama kapasitesine Meso-Na*,Ni**-ZSM-5 6rnegi

(20 g H2/L) ulasilmistir ve bahsedilen 6rnek 298 K'de H2 depolama galismalari igin

Vil



potansiyel olarak goriilmektedir. Ote yandan, Sips modeli aracihigiyla 77 K’de
hesaplanan US-Y &rneklerinin maksimum depolama kapasiteleri (2.3 wt.%) onlarin
yiksek gézenek hacmi ve yiizey alami 6zelliklerinden dolay1 yiiksek basing veya
disiik sicaklik adsorpsiyon calismalar1 i¢in uygun bir adsorban olabilecegini
gostermektedir. Ornekler igindeki Co?* ve Ni?* katyonlarinin yerlesim yeri bilgisi ve
cerceve yapisl ile olan koordinasyonlar1 daginik yansima ultraviyole ve goriiniir 151k
(UV-Vis) absorpsiyon spektroskopi ve senkrotron toz XRD analizi ile belirlenmistir.

Sonuglara gore, Co?"'

m MFI cerceve yapisindaki  ve y-yerlerini tercih ettigi
gozlemlenmistir. Senkrotron tozu XRD analizine gore, en yiiksek katyon orant US-
Y'nin Site III yakininda (siiper kafeste) tespit edilmistir ve bu yerlesim yeri hidrojen
tarafindan ulasilabilirdir. Ni?*-,Co?*-ZSM-5 i¢in teorik adsorpsiyon 1silari (-Eads)
periyodik ve kiime yogunlugu fonksiyonel teorisi (DFT) ile hesaplanmistir. Co?*-
ZSM-5 iizerinde B-alani ve y-alam1 ve ayrica Ni?*-ZSM-5 iizerinde ek bir a-alani
gozlemlenmistir. Genel olarak, deneylerden ve yogunluk fonksiyonel teorisinden

(DFT) hesaplanan adsorpsiyon 1s1s1 degerlerinin ayni aralikta oldugu bulunmustur.

Anahtar Kelimeler: hidrojen adsorpsiyonu, nikel, kobalt, Synchrotron Xx-isini

kirinimi, yogunluk fonksiyonel teorisi
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CHAPTER 1

INTRODUCTION

The global population is expected to reach 10 billion people by 2050, which will
cause an exponential effect on energy requirements [1]. Although fossil fuels are the
main source of energy generation, they cause economic and environmental issues
because of the greenhouse gas emissions such as carbon dioxide, methane and
nitrous oxide [2]. The highest emitted greenhouse gas is CO2 by 79% and the total
CO2zemission amount has reached 36 billion metric tons in 2020. 20.27% of emitted
total COz2 is caused by the transportation sector, 36.51 % by the power industry,
21.74% by the industrial combustion [3]. The ultimate solution for high CO:2
emission is to find new renewable resources (e.g., solar, wind, hydro, and biomass)

and energy carriers that come with a lower negative effect on the environment.

Hydrogen has been one of the most preferable energy carriers over the last 50 years.
Apart from being the most abundant and lightest element with the highest
gravimetric energy content in the universe, hydrogen is non-toxic, sustainable, and
considered a clean energy carrier for transportation as its only combustion product
is water[4]. The 7% rise in worldwide hydrogen demand from 2013 to 2020
demonstrates the growing appeal of hydrogen energy over time [5]. Currently, 96%
of the hydrogen is obtained from conventional fossil fuels (natural gas 48 %, oil 30%,
coal 18%) mainly through methane steam reforming process, and the remaining 4%
from electrolysis methods (e.g., alkaline electrolysis, polymer exchange membranes
(PEM), and solid oxide electrolysis cells (SOEC))[6].

The hydrogen has been used mostly in the ammonia production (51%), oil refining
(31%), and the methanol production (10%) until recently. To this date, only 0.01%
of hydrogen energy is consumed for transportation all around the world. The

hydrogen consumption in a variety of sectors has been predicted to increase



according to the International Energy Agency Net Zero 2050 report [7]. Among the
sectors, transportation including road transportation, aviation and shipping are
expected to show high hydrogen demand to diminish large CO2 emissions. It is
planned to use almost half of the produced hydrogen (530 Mt) by 2050 in industry

and transportation sectors as seen on Figure 1.1.
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Figure 1.1 Potential hydrogen demand for different sectors [7]

Hydrogen energy in transportation shows itself in a wide spectrum of Fuel Cell
Electrical Vehicles (FCEV) ranging from light duty vehicles to heavy duty trucks
and aircrafts [8]. Globally, light passenger vehicles (PLDVs) are the most
concentrated type of FCEV constituting in 2020, accounting for 74% of registered
FCEVs, whereas buses cover only 16% of total FCEV stock. The transportation
sector is paying increasing attention to FCEVs. Toyota, Honda, and Hyundai are just
few examples of global FCEVs car manufacturers. At the end 2021, there were more
than 40 000 FCEVs on the road around the World [9].

Fuel Cell Electrical Vehicles (FCEVS) use hydrogen as an energy carrier to convert
hydrogen chemical energy to electricity through fuel cells [10]. Proton exchange

membrane fuel cell (PEMFC) or solid oxide fuel cells (SOFC) are used to convert



the chemical energy in hydrogen and oxygen directly into electrical energy [11]. A
single fuel cell is composed of three main parts: anode, cathode, and electrolyte. As
demonstrated in Figure 1.2, hydrogen molecule passes through an anode where the
catalyst causes the splitting of hydrogen molecule into proton and electrons in a fuel
cell (Equationl1.1). The membrane allows only the protons to pass while the electrons
follow the external circuit to the cathode (Equationl.2). These electrons create
electricity that can be used as a power. On the other side of the cell, oxygen coming
from the air reacts with the proton hydrogen, and water is formed as the only product

of this process [12].

Anode: H, » 2H* + 2 e~ (Eqn.1.1)
Cathode:~0, + 2H* + 2 ™ - H,0 (Eqn.1.2)
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Figure 1.2 Schematic of PEM (Polymer Electrolyte Membrane) Fuel cell [13]

Although battery electric vehicles (BEV) have been used over the years for clean
transport, there are key advantages that hydrogen powered fuel cells offer over
electrical batteries. One main advantage of FCEVs is the high gravimetric hydrogen
energy density of hydrogen has the capability to produce electricity up to 140 MJ/kg,



which surpasses the energy density of most batteries as can be seen in Figure 1.3
[14]. As stated above, fuel cells can be used in a variety of load selections while
BEVs are mostly limited to light load conditions due to their inconvenient weight
increase as the duty becomes heavier. That’s why FCEVs are becoming more
convenient for hard-to-electrify transport segment vehicles (e.g. long-haul, heavy-
duty trucking, shipping and aviation). Furthermore, when the recharging times are
compared between the two options, hydrogen fuel cells take the lead with a refill
time of <5 mins for 300 miles range. Even for a driving range of 100 miles, BEV
takes up to 60 mins to refill [15]. When these arguments are taken into consideration,
using the hydrogen fuel cell option instead of an electrical battery in heavy duty

vehicles (trucks, aircrafts, etc.) can be seen as a necessity.
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Figure 1.3 Volumetric and gravimetric energy densities of different energy storage
applications [16]

As presented in Figure 1.3, Hz has the highest gravimetric energy content. However,
since the density of Hz is quite low, the energy per metric volume is one of the lowest
(10 MJ/L) at the moment. This dilemma brings out one of the main challenges to
replace the conventional energy sources with hydrogen: which is efficient storage of
H2. Therefore, the challenge of implementing the hydrogen energy into
transportation clearly lies on the question that is how much hydrogen can be stored

in a specified volume.



CHAPTER 2

LITERATURE REVIEW

2.1 Hydrogen Storage

Hydrogen has a significant advantage with its high energy content (140 MJ/kg) but
the volumetric energy content of Hz is four times less than gasoline [17] due to the
very low density of Hz (1 kg of hydrogen/11 m® at ambient temperature and
atmospheric pressure [18]). Therefore, efficient storage techniques (e.g., large
storage tanks or faster-flowing pipelines) are required to be able to use hydrogen as
an energy carrier, especially in portable applications under ambient conditions. The
U.S. Department of Energy (DOE) in cooperation with U.S. Drive (Driving Research
and Innovation for Vehicle Efficiency and Energy) has targeted comprehensive
hydrogen storage limits (Table 2.1) for 300-500 miles driving range at one filling
(3-5 min) in light-duty vehicles for ambient temperature and low pressure storage
(<100 bar) [19]. Storage systems should be economically feasible, reversible at
ambient condition, and provide safe operation. Expression of the hydrogen uptake
capacity of materials is presented in terms of gravimetric and volumetric capacity.
Gravimetric capacity expresses the weight percentage of hydrogen over the total
amount storage materials and the term is generally used in material-based storage
methods. Volumetric capacity is the amount of hydrogen stored inside the storage
system. High gravimetric capacity is a necessity to obtain light on-board storage
tank, while volumetric storage is crucial because of direct relation with the volume
of the storage tank [20,21]. As demonstrated in Figure 2.1, there have been several

hydrogen storage methods used and tried to be improved.



Table 2.1 DOE Technical Targets for Onboard Hydrogen Storage for Light-Duty
Vehicles [19]

Gravimetric Volumetric
Capacity Capacity

Target or Status (wt% H,) (g Hy perL)
2020 Targets 4.5 30
2025 Targets 5.5 40
Ultimate Targets 6.5 50
700 bar 4.2 24

compressed

| HYDROGEN STORAGE METHODS

H Physical Based ] U MateriTI Based |
f : H Chemical Adsorption ] u Physical Adsorption }
H Compressed } [ Liquid ] I |

Hydrogen Hydrogen

. ‘ Carbon Based‘ ‘ Metal Organic ‘ ]
U Hydrides ]J Materials ]J Framework | Zeolites

Figure 2.1 Classification of hydrogen storage methods [22]

2.2  Physical Based Methods

Physical based hydrogen storage methods consist of pressurizing of hydrogen at high
pressures (700 bar) and liquefaction of hydrogen at low temperatures. Compressed
hydrogen systems generally work between 350 to 700 bars in onboard storage
systems. Pressurizing method is widely used in commercial FCEVs such as the
recently launched Toyota Mirai 2021 in which the storage process is performed at
700 bars [7]. For ambient temperature storage, high pressure compression become
insufficient for reaching DOE targets as can be seen in Table 2.1. Moreover, they



impose significant safety hazards to the vehicle which makes the redesign of the
storage systems a necessity in such a way that lower pressured storage systems (<
100 bar) are required.

Liquefaction is based on increasing the density of hydrogen to almost 70 kg/m? at
atmospheric pressure (approximately 848 times that of gaseous hydrogen) [24].
Hydrogen is stored in vacuum-insulated tanks below its boiling temperature (20 K
at 1 atm) following the cooling at 33 K (hydrogen critical temperature). Even though
this process appears to be volumetrically and gravimetrically efficient, more research
is needed to address the issues of high hydrogen liquefaction rates, which could result
in significant energy waste [25].

2.3 Material Based Methods

Among other possible techniques, material based H2 storage is favored due to the
possibility of compressing Hz at lower pressure and higher temperature values via
chemical or physical bonds. This section will be explained in detail in the following

subsections.

2.3.1 Chemical Adsorption

Chemical adsorption (chemisorption) of hydrogen is based on the formation of the
chemical bond between material and a hydrogen molecule. Hydrogen molecule is
firstly adsorbed on the surface and dissociated to hydrogen atoms. Afterwards
hydrogen atoms are chemically adsorbed on the surface. One class of the promising
chemical adsorbent materials is conventional metal hydrides, which have been
studied widely for stationary hydrogen storage [26]. Magnesium hydride (MgH2)
shows a reasonably high gravimetric capacity (7.6 wt.%) but suffers from the high
binding energy (-AH = 66-75 kJ/mol H2) that requires 663 K to desorb Hz at 1 bar
which causes reversibility problems at ambient conditions [27,28]. Although
complex hydrides can meet the DOE gravimetric capacity target (e.g. 170 Mg(BHa):



(14.9 wt%), LiBH4 (18.5 wt%)), none can presently achieve the DOE's minimum
delivery pressure, charging/discharging rates at the same time [29-31]. Intermetallic
compounds and alloying methods have gain attention because of decreasing the
thermodynamic limitation at ambient condition storage [32]. To illustrate, VH2 and
LaNisHx, have moderately low heat of adsorption values compared to other hydrides
(-AH = 30-43 J/mol H), but heavy transition and rare earth metals in their structures
result in limited gravimetric Hz storage densities (1-2 wt.%) [33]. Another
improvement is nanostructuring of the metal hydrides. When particle size decreases
to the nanometer level, MgH2 becomes thermodynamically destabilized and
diffusion path becomes shorter for hydrogen molecules, resulting in fast kinetics.
Ultrafine MgH2 nanoparticles (4-5 nm) showed a reversible hydrogen storage
capacity of 6.7 wt% at 303 K which has never been achieved before with hydrides.

However, it still requires a high desorption temperature of 423 K [34].

2.3.2 Physical Adsorption

Physical adsorption is based on weak Van der Waals forces that enable fast
adsorption/desorption kinetics as well as reversibility at ambient temperature and
pressures below 100 bar. The ultimate pressure is stated as 100 bar while the lowest
pressure is demonstrated as 5 bar for the swing physical adsorption process of
hydrogen. The reason for determining the low-pressure level is the non-availability
of Hz in the tank for the materials having high binding energy with hydrogen [35].
Metal organic frameworks (MOF), carbon based materials and zeolites are the most
often studied porous materials that can physically adsorb hydrogen [35]. Under
ambient temperature conditions, which does not favor densification of Hz, strong
interaction between the walls and the H2 molecules are required to maximize the van
der Waals interactions. This is due to the fact that hydrogen has no charge or dipole
moment, low quadrupole moment (2.21*10° C m) and low polarizability (8.79 *
10 C?2 m? J H[36].
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Figure 2.2 Schematic representation of weak van der Waals Forces between material
and hydrogen molecule [37]

2.3.2.1  Optimum Heat of Adsorption

The interaction of H2 with the adsorbent surface is generally quantified by the heat
of adsorption that should be in the optimum range to obtain high storage capacity as
well as reversibility on porous materials. Optimum thermodynamic requirement is
studied by Bhatia and Myers via Langmuir adsorption model (Equationl.3), which
maximizes the working capacity between adsorption pressure and desorption
pressure [38].

AHSy, = TAS® +1n (M) (Eqn.1.3)

P

Although, the heat of adsorption of adsorption vary as loading amount increases on
the surface or due to surface heterogeneity, the stated Langmuir Isotherm based
model represents the average or integral heat of adsorption (Angt). In Bhatia and
Myers study, optimum heat of adsorption is calculated as -15.1 kJ/mol (AS°® = -8R
for a variety of adsorbents) for 298 K and 1.5-30 bar cycling adsorption process.
According to extrapolation on adsorption heat of adsorption versus entropy for
hydrogen adsorption on several cation exchanged zeolites, it was suggested that
optimum heat of adsorption on zeolites should be in the range —AHJ,, = 22 —
25 KkJ/mol [39]. On the other hand, Grand Canonical Monte Carlo simulation on
different MOFs shows the optimal heat of adsorption should be in the narrow range



such —Angt = 18.5 — 25 kJ/mol [40]. In the scope of these studies, it can be

concluded that the optimum heat of adsorption on porous materials should not exceed

25 kJ/mol to obtain reversibility for 30—1.5 bar operating pressure range at 298 K.

In addition to the strong polarizing centers on the adsorbent materials, pore sizes and
distribution are essential in order to obtain optimum heat of adsorption and high
volumetric hydrogen uptake [35]. Absolute values for heat of adsorption steadily
increase with the decreasing pore size due to increased interaction with the hydrogen
molecules [41]. In order to design a suitable hydrogen storage on-board system based
on DOE constraints, both gravimetric and volumetric capacity should be balanced
by using materials that have high isosteric heat values and low pore openings (<1
nm) [42—-45]. Although gravimetric capacity of porous materials can be increased by
increasing total surface area, it is not the case for volumetric storage as can be seen

in the Figure 2.3.
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Figure 2.3 Theoretical total volumetric vs. gravimetric capacities for various MOFs
at 77 K and 35 bar [46]

There are few optimization study for balancing gravimetric and volumetric storage
capacities on MOFs. In the study of Allendorf et al., different MOFs are analyzed in
terms of volumetric and gravimetric capacities at 77 K and 100 bars [35]. The results
show that even though the gravimetric capacity proportionally increases with the

surface area or pore size, the proportionality relation with the volumetric capacity is
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limited. According to the findings, optimization limits and obtained ranges are given
in Table 2.2.

Table 2.2 Ranges of various crystallographic properties that optimize volumetric and
gravimetric capacity for MOFs [21]

Properties Range
Pore volume (cm®/g) 0.4-0.5
Pore diamater (nm) 1-2
Gravimetric surface area (m?/g) 4500-5500

2.3.2.2  Metal Organic Frameworks

Metal organic frameworks (MOFs) are crystalline porous materials that can have
internal surface area values higher than 6000 m?/g. They include a variety of organic
linkers and inorganic components (metal ions) in their structures, as shown in Figure
2.4, showing a range of adsorption energy values as well as varying surface areas.
One of the main advantages of metal organic frameworks is their permanent highly
ordered porosity. Hence, MOFs are one of the preferred materials in the application
of clean energy and in the storage of hydrogen, methane, carbon dioxide and others
[47,48].
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Figure 2.4 The structure of MOF-5 shown as Zn4O tetrahedra (blue polyhedra) joined
by benzene dicarboxylate linkers (O: red and C: black) to give an extended 3D cubic
framework [49]

Hydrogen storage capacities of several MOFs are listed in Table 2.3 for ambient
temperatures and 77 K experiments. At elevated pressures (>20bar) and 77 K, porous
materials show increasing uptake performance with the increasing surface area as
the general trend namely Chahine’s rule (1 wt% of uptake is obtained for every 500
m?/g of surface area)[50]. The mentioned trend can also be seen on the table.
Although MOFs show significant gravimetric hydrogen uptake capacity at cryogenic
temperature and high pressure, their capacities become insufficient for the DOE
standards at ambient temperatures (<2 wt%) [51]. Large pore diameter of the MOF
structures are the main bottleneck to sustaining high affinity with hydrogen at

ambient conditions [52].

In general, two main strategies have been followed to increase the hydrogen uptake
capacity of MOFs at low pressure and ambient temperature environment. The first
one is to narrow the pores and the second one is to create coordinatively unsaturated
metal centers to increase the affinity for H2 through strong metal-hydrogen
interactions [53]. Various metal sources have been utilized in the synthesis of MOFs,
such as Zn, Cu, Mn, Co, Cr, Ni, lanthanide metals, alkali metals, Mg, and Al [54—
57]. Among the MOFs, the highest gravimetric uptake capacity is reached with
Be12(OH)12(BTB)4 as 2.3 wt.% at 95 bars under the ambient condition but it is still
below the stated DOE targets.

12



Table 2.3 Surface area, H2 uptake capacity and heat of adsorption of Hz adsorption
data of metal organic frameworks

Surface Ambient
A 77K -AHags(kJ/
MOF rea Condition Ref
(wt.%0) mol)
(m?/g) (Wt.%)
PCN-10 1779 5.2(45bar) - -4 [58]
IRMOF-11 2180 3.5(34bar) - - [59]
MOF-5 4170 5.2(48bar) - 4.8 [60]
MOF-5 4170 11.5(180bar) - 4.8 [60]
MOF-205 4460 6.5(80bar) - - [61]
MOF-177 4500 7.5(70bar) - 4.4 [62]
NU-100 6143 16.4(70bar) - - [63]
MOF-5 2296 5.1(65bar)  0.28(65bar) 3.8 [64]
MIL-100 2700 3.3(26.5bar)  0.15(73bar) 6.3 [52]
MIL-101 5500 6.1(80bar)  0.43(80bar) 10 [52]
Belz(O H)12
4030 9.2(100bar) 2.3(95bar) - [65]
(BTB)4
Ni2(dhtp) 1131 2.5(100bar) - 13 [66]
Coz(dhtp) 1173 2(100bar) - 11.5 [66]
Co-PCN-9 1355 1.5(1bar) - 10 [67]
Niz(m-
- 5(100bar) 1(100bar) 13.7 [68,69]
dobdc)
Coz(m-
- - 0.95(100bar) 12.1 [68,69]
dobdc)
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Among different metal loaded MOFs, nickel and cobalt cations gain attention due to
their high initial heat of adsorption values. High partial positive charges and
polarizability of the nickel and cobalt cations enable them to have high initial heat
of adsorption values ranging 5.2-13 kJ/mol [57,67,70-74].

Although MOFs show high volumetric capacity (<60 g H2/L crystal) at high
pressures (<100bar) and at 77 K environment [75,76], reported highest volumetric
storage capacity under ambient conditions among the MOFs belongs to Niz(m-
dobdc) by 11 g/L at 100 bar [69] which is still below the DOE targets. This is mainly
caused by the large pore diameters of the MOFs and their loss of efficiency in terms

of volumetric capacity.

2.3.2.3 Carbon Based Materials

Porous carbons, carbon aerogels, activated carbons, carbon nanotubes, and
nanofibers are some carbon structures that have been investigated for hydrogen
storage applications [77]. Among the carbon based materials, one example of porous
activated carbon AC-K5 shows a high gravimetric capacity of 7.08% at 77 K and 20
bar with a high surface area (3190 m?/g) [78]. Higher hydrogen capacities are
achieved with zeolite-templated carbon materials (synthesized by carbonization
within a zeolite template). In the study of Masika et al, zeolite 13X is used as a
template to generate ultrahigh surface area carbons (3332 m?/g) showing 7.3 wt% at
20 bar and 77 K [79]. Moreover, carbon single- and multiwall nanotubes (SWCNTSs
and MWCNTS) are promising adsorbents for hydrogen storage systems. Li-doped
and K-doped multi-walled nanotubes (MWNTS) show a hydrogen uptake capacity
of 20 wt.% and 14 wt.%, respectively under ambient temperature and pressure, but
very high temperatures (473 to 673 K) are needed for desorption of hydrogen[80].
Although some of the porous materials can show high storage capacity at 77 K, their

capacities become lower than 2 wt.% in a general trend [81,82].
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2324 Zeolites

Zeolites are highly ordered, microporous crystalline aluminosilicates, that share a
general chemical formula as M*xn(AlO42) x(SiOa2)y-zH20. They are composed of
tetrahedrally coordinated Si and Al atoms, (AlOa42™ and SiOas, and other tetrahedral
atoms such as P, Fe, Ga, etc. in zeotypes), coordinating oxygens, extra-framework
cations (M*wn) and water molecules [83]. Combination of silica and aluminum
tetrahedral building blocks form secondary building units (SBUS) that can be a single
ring or a double ring (4 member rings, (4MR), 6MR, 8MR, 10MR up to 30MR).
More complex units called Composite building units (CBUS) are constructed by the
arrangement of SBUs. They can be seen in the form of a double 6 member ring
(d6MR), sodalite cage (sod) or super cage [83]. Cages are generally seen at the
intersection of two channel systems. Eventually, combination of different SBUs
create different frameworks that are named with the three letter codes such as MFl,
FAU and MOR, etc. which can be seen in Figure 2.5.
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Figure 2.5 Zeolite formation from the tetrahedrals [84]

The zeolites are generally classified with their pore sizes and Si/Al ratio. Zeolites

classifications are given in Table 2.4 with a few examples of frameworks. The silicon
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to aluminum ratio in zeolites is essential in determining their chemical properties
such as the maximum cation content and acidity. Since AI-O-Al linkages cannot be

formed in the structure (Loewenstein’s Rule), Si/Al should be greater than 1 or equal.

Table 2.4 Classification of zeolites [83]

Class of zeolite Si/Al Type of zeolite
Low silica 1-1.5 A, X, LSX, sodalite
Intermediate silica 2-5 Y, L, mordenite, Erionite
High silica 10-0 ZSM-5

The negative charge on the framework is caused by aluminum tetrahedra (AlO4)" that
is generally balanced with alkali or alkaline-earth metal cations (M*xn ) such as Na™,
Li*, K* and Ca?* [85]. Cation loading capacity and pore size tunability (3.4 to 20 A)
of zeolites make them a preferable porous material for adsorption and ion-exchange
processes [86-89]. Alkali-alkaline metal cations provide them the ability to have
strong interaction with hydrogen, resulting in promising gravimetric and volumetric
storage capacities [85]. In Table 2.5, some of the reported H: storage capacities of

zeolites are listed.
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Table 2.5 H2 uptake capacity data of alkali metal and alkaline earth metal exchanged
zeolite

Gravimetric Pressure
Zeolite Temperature Reference
Capacity(wt.%0) (bar)

Na-A 0.1 293 K 10 [90]
Na-Y 0.28 298 K 15 [91]
H-ZSM-5 <0.1 303 K 31 [92]
H-ZSM-5 0.72 77K 0.66 [93]
H-SSZ-13 1.28 77K 0.92 [94]
Li-MOR 1.12 77K 1 [95]
Na-ZSM-5 0.87 77K 1 [95]
Na-FAU 121 77K 1 [95]
SAPO-34 1.4 77K 1 [96]
Ca-X 2.19 77K 15 [85]
Na-Y 1.81 77K 15 [85]
Na-X 2.55 77K 40 [97]

In the zeolites, hydrogen storage firstly takes place on the sites that show high
affinity with hydrogen at low loadings. Afterward, other cation sites showing lower
binding energy to hydrogen are started to be filled. Then, the pore walls of the
material are started to be interacting with hydrogen. At this step, hydrogen can be in
interaction with framework oxygen atom or another hydrogen molecule. As pressure
is increased, firstly interior of micropores (< 2 nm pore opening) is filled with
hydrogen (~ 50 bar) and this step is followed by the filling of larger pores (2-50 nm,

mesopores) which can be seen at high pressures (< 100 bar) [38].
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The small pore size advantage of zeolites as well as the extra-framework cation
adsorption centers provide them high interaction with hydrogen, resulting in high
heat of adsorption compared to other porous materials (e.g., MOFs and carbon based
materials) [35].

Adsorption microcalorimetry, isosteric heat method and Fourier transform infrared
spectroscopy (FT-IR) are three classical methods that have been widely used to
determine the heat of adsorption on zeolites. Hydrogen binding energy to the extra-
framework cation on zeolites is also inferred from the bathochromic shift of the free
H2 stretching vibration (Raman active, 4163 cm™) on FT-IR. Larger bathochromic
shift values indicate stronger perturbation of H2 molecule, therefore, stronger
binding energy values. The summary of the IR vibration of hydrogen and calculated
heat of adsorption values (-AH) of different extra-framework exchanged zeolites are
given in Table 2.6 [98].

Isosteric heat of adsorption (Qst) measures the change of enthalpy when adsorbate
molecules are adsorbed from the bulk gas phase to the adsorbed phase. It provides a
measure of heterogeneity for the gas—solid interfaces [99,100] Following the

Clausius-Clapeyron equation, the isosteric heat equation is finalized as shown in

Equation.2.1.
dlnP _ Qst
(m)n =R (Eqn21)
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Table 2.6 H-H stretching wavenumber and heat of adsorption values of alkali and
earth alkali metal containing zeolites

H-H Stretching )
) _ -AH  Calculation
Zeolites Si/Al Wavenumber Reference
(kJ/mol)  Method

(cm™)

Li-FER 8.5 4090 4.1 FT-IR [101]
Na-FER 8.5 4100 6 FT-IR [101]
K-FER 4111 35 FT-IR [101]
Na-ZSM-5 25 4101 10.3 FT-IR [102]
K-ZSM-5 25 4112 9.1 FT-IR [102]
(Mg,Na)-Y 2.4 4056 17.5 FT-IR [103]
Ca-Y 2.4 4078 15 FT-IR [104]
Na-ZSM-5 25 6 Qst [105]
Na-FAU 2.8 6.1 Qst [105]
Na-MOR 6.5 11.7 Qst [105]
Li-MOR 8.9 12.1 Qst [95]
Li-MFI 12 10.9 Qst [95]

Cu, atransition metal, demonstrates high isosteric heat of adsorption values on ZSM-
5 (73-39 kJ/mol) and SSZ-13 (48-16 kJ/mol) due to its unusual strong interaction
with H2 molecule [106,107]. This phenomenon is caused by increased Cu(I) (3dn)—
H2 (6*) back donation in the presence of Kubas type structure (Cu(I)(n?-Hz)) [107—
109].

Although Cu(l)-exchanged zeolites are investigated in terms of heat of adsorption

and hydrogen storage capabilities, other transition metals such as Co and Ni are not
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as often studied and a thorough investigation of hydrogen interaction with Co?*- and
Ni2*-exchanged zeolites is need. So far, the following studies have been conducted
about the hydrogen attraction behaviors of Co and Ni.

The interaction of Hz and Ni?- or Co?'- ZSM-5 are studied using Diffuse
Reflectance Infrared Fourier Transform (DRIFT) method at 77 K. H—H stretching
vibrations are presented for Ni2*-ZSM-5 (v = 3866, 3928, 3967 cm™, Si/Al = 25) and
Co?*-ZSM-5 (v =3904, 3980, 4010 cm?, Si/Al = 25) [110,111]. On the other hand,
adsorbed hydrogen molecules show 4110 cm™ frequency when they bind to Na-
ZSM-5 at 77 K [112]. Since the vibration frequency shift are higher when H>
molecule interacts with Ni?* and Co?* cations when compared to the shift of H:
frequency when interacted with Na* cation, higher heat of adsorption values are
expected on from Ni?* and Co?* cations when compared to that of Na-ZSM-5 (—
AHads = 10.3 kJ/mol experimentally) [98].

Parallel to this assumption, Co?*- and Ni?*- exchanged zeolite-Y gives -17 kJ/mol
heat of Hz adsorption, which was calculated based on paramagnetic shifts observed
in the NMR spectra of adsorbed H2molecules [113]. In another study, the adsorption
energy of reduced Ni*-ZSM-5 is reported as -67.4 kJ/mol using the density
functional theory [114]. Moreover, storage capacity of Ni-Na-Y (Si/Al = 3, Ni/Al =
0.42) is reported as 0.92 wt.% at 77 K and 1 bar [115].

When the aforementioned heat of adsorption values and hydrogen storage capacities
of Ni and Co loaded MOFs are also taken into account, investigation of hydrogen
storage on Co?*- and Ni%*-exchanged zeolites seems promising to reach the optimum
heat of adsorption values and high storage capacities on zeolites. Therefore, US-Y
and ZSM-5 are chosen as a storage material for this study because of the properties

mentioned in the sections 2.3.3 and 2.3.4.
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2.3.3 Zeolite-Y

The framework structure of Zeolite Y (FAU) is characterized by the double-6-
membered rings (D6R). In FAU framework, sodalite cages are bound to form
supercages having pore openings of 0.74 nm and a cage size of 1.41 nm x 1.56 nm.
There are six main cation sites (I, I, II, II, III, and III") on FAU framework that are
observed in the unit cell as demonstrated in Figure 2.6. According to Ni-Zeolite Y
studies, cations are located mostly at the Site I (at the center of the double-6-
membered ring), Site I' (at the window of 6-membered ring towards the sodalite
cage), Site Il (at the 6-membered ring window towards the supercage) and Site 1T’
(inside the supercage)[116-118]. However, Monte Carlo simulations showed that

sites | and I’ are not accessible for hydrogen due to small pore sizes of 2.5 A [115].
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Figure 2.6 Faujasite (FAU) zeolite structure and positions of their potential charge
compensating cations [119]

Ultra-stable Y (USY) zeolite is obtained from Zeolite-Y (~ 0.3 cm®/g) by the
dealumination method and this zeolite can have a total pore volume up to 0.5 cm®/g
with a higher stable structure compared to Zeolite-Y [120,121]. According to Vitillo
et al., the maximum total storage capacity of the FAU framework, having 0.34 cm®/g

total pore volume, is 2.86 wt.% [122]. Therefore, US-Y is studied in this research
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due to high pore volume and surface area values that can provide high storage

capacity at ambient temperature and high pressures (< 100 bar).

234 ZSM-5

ZSM-5 (MFI topology, Si/Al 12-w) is a member of high-silica crystalline
aluminosilicates with a wide range of applications as zeolite-based catalyst and
sorbent. The TOg4 tetrahedra (T atom=Si,Al) are interconnected in a framework,
forming intersected pores (5.4x5.6 and 5.1x5.5 A) with ten-member ring-openings
(10 MR) [123]. MFI framework type consists of eight 5MR that emerge as a pentasil
chain. The framework also contains straight and sinusoidal 10 MR channels that

intersect to form larger cavities.

There are three main cation sites on the MFI framework [124] as shown in Figure
2.7. Alpha(a) sites are coordinated to four framework oxygen atoms that are located
on the main straight channel’s walls. Beta(p) sites are coordinated to oxygen atoms
in distorted 6MR that are located at the intersection of straight and sinusoidal
channels. Lastly, gamma sites(y) are located on the wall of the sinusoidal channel
[125,126]. All of the mentioned sites are accessible by hydrogen [127].
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Figure 2.7 MFI framework and structure of a, B, v sites [128,129]
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Despite the advantages of ZSM-5 in terms of accessibility of cation sites and narrow
pore openings (<1 nm), its total pore volume is limited. According to the theoretical
hydrogen adsorption capacity calculations of Vitillo et al., the MFI framework can
store a maximumly of 1.69 wt.% for 0.197 cm®/g total pore volume [122]. Therefore,
secondary porosity added to the structure would increase the total pore volume and
the surface area, which can result in higher hydrogen storage capacity on the ZSM-

5. The novel strategies for obtaining secondary porosity are given in the next section.

2.4 Mesoporous Zeolites

There are mainly three types of pores present in zeolites; pores with < 2 nm are
named ‘micropore’, pores that have 2—50 nm diameter are named ‘mesopore’ and
macropores have pore opening higher than 50 nm according to the International
Union of Pure and Applied Chemistry (IUPAC) [130]. Zeolites that have at least two
levels of pore types are considered hierarchically structured zeolites. The methods
for constructing hierarchical zeolites are classified into two main methods named

bottom-up and top-down as it is shown in Figure 2.8 [131,132].

Microporous Zeolite

4 U

Top-down Strategies | | Bottom-up Strategies
~
Desilication Dealumination Hard Soft Template
Template Template Free
o J

4 U U < 0

Hierarchical Zeolite

Figure 2.8 The schematic representation of main hierarchical zeolite formation
strategies [131]

23



Hard template and soft template methods are based on introducing mesopore
template (e.g. carbon nanoparticles, aerogel for hard template and e.g. surfactant or
polymers for soft template) in the mother solution of zeolite during crystallization.
In both methods, the template is removed from the zeolite by calcination at high
temperatures (>773 K) after zeolite synthesis [132]. Templating using surfactants
also reveals a different method known as the ‘dual-templating method’. Structural
directing agent (SDA) and mesoporogen are used in the zeolite synthesis gel together
in this proposed method [133]. The surfactant directs the secondary porosity while

SDAs construct the zeolite’s micropores and main channels [134].

The top-down methods are also named the ‘post-synthetic methods’ since it is
applied after crystallization as different from the bottom-up strategies. Desilication
and dealumination are the main methods that are used. Dealumination is based on
removing aluminum tetrahedral atoms from the structure in an acidic medium (e.g.
nitric acid and hydrochloric acid) [135], while desilication is applied in a basic
medium (NaOH) to remove silica atoms from the zeolite [136]. Intracrystalline
mesoporosity is obtained as a result of the two methods. On the other hand, these
methods can be also used to change the Si/Al of synthesized zeolites [137]. Specific
to the desilication method, it is essential to adjust Si/Al ratio since removing silica
from the framework can be prevented with the high amount of aluminum content in
Si/Al<25 zeolites. Intermediate Si/Al ratios (25-50) are stated as the optimum range
to obtain high mesoporosity. High silica content (>50) can result in larger pores
(macropores) after desilication rather than mesopores. Although the optimum
temperature is stated as 338 K for the desilication, as Si/Al decreases (<25),

increasing temperature (358 K) is required to obtain extra mesoporosity [136].

The mentioned methods soft template and desilication are studied for obtaining
ZSM-5 having a high pore volume (~ 0.5 cm®/g). The soft template method provides
better control of the mesoporous structure and obtaining narrow pore size
distribution; however the cost of this method is higher compared to the desilication
method. On the other hand, the desilication method enables a high probability to
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scale up, but the mesopore formation on the framework is less controllable compared

to the soft template method.

After adding extra porosity to ZSM-5, cation loading to zeolites is performed in this
research. Although there are only a few related studies about hydrogen storage on
nickel or cobalt loaded zeolites in literature [113-115], some introductory
information relating to Ni, and Co cations on zeolites are given in section 2.5.

25 Ni, Co Cations on ZSM-5 and Zeolite Y

Nickel or cobalt loaded zeolites have been used in the different applications: catalytic
reduction of NOx with methane [138], biomass pyrolysis [139], hydrogen production
via CO2 reforming of methane [140], methanol to hydrocarbons reaction [141] and
dry reforming of methane [142]. The cation loading process in zeolitic materials is
strongly influenced by the pH of the solution because it has a strong impact on the
zeolitic structure and concentration at the active site. Depending on the Si/Al ratio,
cobalt content, preparation method and pH; different species are formed such as M?*,
M(OH)2, M(OH)3 and M(OH)?4. When pH >7, precipitation of M(OH)2 plays the
main role in the loading of M?*. In the large cavities of the zeolite framework,
transition metal cations can form complexes with simple molecules as a ligand. On
the other hand, metal ions in acidic medium are mainly present in positively charged
forms with two or three charges (M?* and M3*) [143,144].

Cation distribution and location are directly related to the AlO4™ tetrahedra intensity
and location in zeolites. In the zeolite framework, the maximum M?2* cation amount
with respect to aluminum can be 0.5 because 2 aluminum tetrahedra neutralize one
divalent cation. There are two main aluminum coordination types that are seen on
the silica rich zeolites as stated in the Dedecek et al., 2012 [145] i.e., Al-O-(Si-O)2-
Al or Al-O-(Si-0)-Al sequences in one ring (denoted as Al pairs, Al2ai) that balances
the divalent cations . This arrangement is detected by Diffuse Reflectance UV-Vis

by using Co?* ions showing detectable d-d electron transition when they coordinated
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with pair Al sequence on the framework. On the other hand, single Al atoms (Alzar)
in those Si—Al sequences are able to charge balance only monovalent ions or

monovalent metal-oxo complexes.

In order to observe the interactions between the cation loaded zeolites and hydrogen,
the oxidation states and the distribution of the cations are needed to be understood.
However, it is hard to detect the metal sites via XRD because of the low
concentrations and random distributions of the cations. The information about Ni
and Co loaded ZSM-5 and Zeolite-Y have been obtained in an indirect way from
UV-Vis spectra [144,146-149], diffuse-reflectance Fourier-transform infrared
spectroscopy (DRIFT) [110,111,126,150-155], X-ray photoelectron spectroscopy
(XPS) [156] and Synchrotron powder X-Ray Diffraction (SXRD) [116].

2.6 Objective of the study

The objective of this study is to reach DOE (Department of Energy) hydrogen
storage targets (5.5 wt.%, 40 g H2/L) for light-duty FCEVs by using mesopore added
ZSM-5 and US-Y under ambient temperature and pressures lower than 100 bar.
ZSM-5 and US-Y are chosen as a sorbent material due to advantages they provide.
ZSM-5 is a promising material in terms of narrow pore channels (< 1nm) and
accessible main cation sites while US-Y is seen as a promising material due to high
pore volume and surface area. One of the aims is to observe Ni?* and Co?" heat of
adsorption performances on ZSM-5 and US-Y at ambient temperature, therefore
hydrogen storage experiments are performed for three different temperatures up to
10 bar to calculate the isosteric heats of the samples. Another objective is adding
secondary porosity to ZSM-5 to overcome pore volume restriction by the desilication
and soft template methods. It is also aimed to obtain the same total pore volume
(~0.5 cm®/g) on ZSM-5 and US-Y samples to compare the performances of zeolites
based on their frameworks at high-pressure experiments (< 100 bar). It is also aimed
to analyze cation site distribution on zeolites to investigate the site-dependent

adsorption energies. Hence UV-Vis spectra of dehydrated samples, as well as
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synchrotron XRD data and Rietveld Refinement studies are performed. Site-specific
H: adsorption energy values are also theoretically investigated using density
functional theory.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

An experimental procedure consisting of the preparation of Co?*-ZSM-5-Soft
Template, Meso-Na,Co?*-ZSM-5, Meso-Na,Ni?*-ZSM-5, Micro-Ni?*-ZSM-5,
Micro-Co?*-ZSM-5, Meso-Ni?*-ZSM-5, Meso-Co?*-ZSM-5, Ni?*-US-Y and Co?*-
US-Y. lon exchange details, characterization techniques, and hydrogen storage test

procedures are given after the preparation of zeolites.

3.1 Preparation of Zeolites

During the preparation of zeolites two main objectives are targeted: obtaining 0.5
cm?®/g total pore volume for ZSM-5 and reaching high metal content on the zeolite.
The soft template and desilication methods are used for ZSM-5 in order to reach 0.5
cm?®/g total pore volume. The procedure for the soft template method is given in
section 3.1.1 and it was expected to reach 0.5 cm®/g total pore volume according to
the results of the mentioned article. The desilication method is performed according
to Groen et al. study shows the results of ZSM-5 samples having different initial
Si/Al ratios [136]. For the zeolites having Si/Al<25, an increase in the total pore
volume is achieved only by 0.3 cm®/g. On the other hand, for the zeolites having
Si/Al>40, the macropores are formed rather than mesopores which are not preferred
for hydrogen storage on porous materials. The Si/Al range of 25-50 appears to be
optimal for mesopore formation upon desilication. Therefore, the appropriate
starting Si/Al ratio (~30) and desilication method conditions (0.2 M NaOH for 30
min at 358 K) are chosen for reaching 0.5 cm®/g total pore volume according to
Groen et al. [136].
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3.1.1 Co?*-ZSM-5-Soft Template

Mesoporous ZSM-5 is synthesized hydrothermally following the gel formula
reported by Xue et al [134] with the gel formula 1Si0O2:0.0167
Al203:0.13K20:0.14HDA:0.1CTABr:60H20. KOH is used in the synthesis to
dissolve silica source more efficiently rather than NaOH [157]. Firstly, 0.48 g KOH
(Merck, %99) and 0.307 g NaAIO2 (Sigma Aldrich, %37-45 Na20, %50-56 Al203)
are dissolved in 5356 g de-ionized water. After that, 185 g
cetyltrimethylammonium bromide (CTABr, Sigma Aldrich, %98) and 0.2 g 1,6-
diaminohexane (HDA, Sigma Aldrich, %98) are added and the stirred until a
homogenous solution is obtained. 2.98 g fumed silica (Sigma Aldrich, %99.9) is
added slowly and stirred for 6 h using a magnetic stirrer at room temperatur. HDA
is used as the structure directing agent (SDA) and CTABTr as the mesoporogen for
the synthesis of hierarchical porous ZSM-5 in this synthesis. The homogenous
mixture is then transferred to 35 mL Teflon-lined autoclaves for hydrothermal
synthesis at 423 K for 28 days. After synthesis, Teflons are quenched in cold water
and then the zeolite is separated using vacuum filtration and a membrane having a
pore diameter of 200 nm (ISOLab) until a pH of 7 is obtained. Following drying at
333 K for one day, the resulting sample is calcined at 853 K for 10 hours (using a 1
K/min heating rate) in a muffle furnace to remove organic residues coming from
CTAB and HDA. The resulting zeolite is labeled as Na-ZSM-5-Soft Template.

Calcined 1 g of ZSM-5 is NHs"-exchanged using 500 ml 0.2 M NHsNOs (Sigma
Aldrich, 99 wt.%) solution at 353 K for 3 h. Afterwards, the zeolite is vacuum filtered
and dried at 333 K for 1 day. The exchange procedure is repeated three times and the
sample is identified as NH4"-ZSM-5-Soft Template.

Co?* ion exchange is performed to 1 g of NH4*-ZSM-5-Soft Template using 150 ml
0.2 M Cobalt-(1I) nitrate hexahydrate (Merck, 98%) solution at 353 K for 9 hours
under stirring. Then the sample is dried in the oven for one day at 333 K. The ion-
exchange procedure is repeated two more times. The zeolite is labeled as Co?*-ZSM-
5-Soft Template.
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3.1.2 Meso-Na*,Co?"-ZSM-5 and Meso-Na*,Ni?*-ZSM-5

ZSM-5 IS synthesized using a gel formula of
1Si02:0.02A1203:0.4TPA:0.08Na20:1.5H20 reported elsewhere [158]. Firstly, 0.9 g
NaAIlO2 (Sigma Aldrich, %37-45 Na20, %50-56 Al203) and 0.9 g NaOH are
dissolved in 29.4 g de-ionized water under rigorous stirring, followed by the addition
of 58.2 g tetrapropylammonium hydroxide (TPAOH, Merck, 40%). Afterwards, 59.1
g tetraethyl orthosilicate (TEOS, Merck, 99.99%) is added dropwise to the mixture
under rigorous stirring. All the prepared gels are transferred into Teflon-lined 35 ml
autoclaves and heated under static conditions at 443 K for 3 days. Synthesized
zeolites are separated using vacuum filtration and washed with 500 ml de-ionized
water. Then, zeolite is dried at 333 K, and calcined at 823 K (using a heating rate of
1 K/min) for 20 h in a muffle furnace. NH4" -exchange is applied three times to the
dried sample with the procedure indicated for NH4+"-ZSM-5-Soft Template. The
NHas"-exchanged sample is labeled as NH4"-ZSM-5(1). Desilication is applied based
on a reported method in Groen et al. [159]. NH4"-ZSM-5(1) is desilicated using 0.2
M NaOH solution in 33 ml de-ionized water at 353 K for 30 min. Then the zeolite is
separated using vacuum filtration, washed with deionized water and dried in the oven
at 333 K for one day. The prepared zeolite is NH4™-exchanged following the same
procedure stated before and labeled as NH4*-ZSM-5(1)-DES.

Cobalt cation exchange is performed as follows; ion-exchanging three times using
150 ml 0.1 M cobalt (1) nitrate hexahydrate (Merck, 98%) solution at 353 K for 9 h
and two times in 75 ml 0.5 M cobalt (1) nitrate hexahydrate (Merck, 98%) solution

at room temperature for 24 h. Final product is labeled as Meso-Na*,Co?*-ZSM-5.

Nickel cation is performed as follows; ion-exchanging three times using 150 ml 0.2
M nickel-(11)-nitrate hexahydrate (Merck, 99%) solution at 353 K for 9 h and one
time at 298 K for 24 h. Final sample is labeled as Meso-Na*,Ni?*-ZSM-5.
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3.1.3 Meso-Ni?*-ZSM-5 and Meso-Co?*-ZSM-5

ZSM-5 is synthesized hydrothermally using the gel formula having a molar
composition of 1Si02:0.01Al203:0.112Na20:0.051TPABr:36H20 reported by
Schmith et al. [160]. 18.5 g fumed silica (Sigma Aldrich, %99), 4.2 ¢
tetrapropylammonium bromide (TPABr, Merck, %98), 2.435 g NaOH (Merck,
>9%99) and 168 g H20 is stirred at 298 K for 24 h. Afterwards, a mixture of 0.505 g
of sodium aluminate (NaAlO2, Sigma Aldrich, %37-45 Na20, %50-56 Al203) and
32 g H20 de-ionized water is added slowly to the silica containing mixture and stirred
at 298 K until a homogeneous solution is obtained. The gel mixtures are then
transferred to a Teflon-lined stainless-steel autoclaves and treated hydrothermally at
423 K for 72 h. The solid crystals are separated using vacuum filtration and washed
using deionized water until a pH of 7 is obtained. The powder is then dried at 333 K
for 24 h and calcined at 823 K for 5 h (using a heating rate of 1 K/min). After
calcination, desilication is applied according to the procedure stated in Groen et al
[159] that is given in the Meso-Na*,Co?*-ZSM-5 preparation section in detail.
Thereafter NH4* exchange is applied to desilicated 1 g of Na-ZSM-5 samples. The
zeolites are exchanged three times using 15 ml 0.5 M NHsNO3s (Sigma Aldrich, 99
wt.%) solution at 353 K for 3h. The zeolite is labeled as NH4*-ZSM-5(11)-DES. 1 g
NH4*-ZSM-5(11)-DES is exchanged three times using 100 ml 0.2 M cobalt-(11)-
nitrate hexahydrate (Merck, 98%) solution or 100 ml 0.2 M nickel-(Il)-nitrate
hexahydrate (Merck, 98%)solution at 333 K for 24 h. The exchanged zeolites are
labeled as Meso-Co?*-ZSM-5 and Meso-Ni?*-ZSM-5.

3.1.4 Micro-Ni?*-ZSM-5 and Micro-Co?*-ZSM-5

The same procedure in the preparation for Meso-Co?*-ZSM-5 and Meso-Ni?*-ZSM-
5 is performed. Chemical amounts and gel formula is similar with a slight difference
coming from the doubled aluminum source amount of 1.01 g of NaAlO2. Therefore,
the gel formula becomes 1Si02:0.02Al1203:0.125Na20:0.051TPABr:36H20. After
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calcination at 823 K for 5 h (using a heating rate of 1 K/min), 1 g of ZSM-5
isexchanged three times using 150 ml 0.5 M NH4NOs (Sigma Aldrich, 99 wt.%)
solution at 353 K for 3h and labeled as NH4"™-ZSM-5(111). Then the zeolites are
exchanged using 100 mL of 0.2 M cobalt-(I1)-nitrate hexahydrate (Merck, 98%) or
nickel-(I1)-nitrate hexahydrate (Merck, 98%) solutions at 333 K for 12 h. The
exchange procedure is repeated two more times at 333 K for 24 h. Final zeolites are
named as Micro-Co?*-ZSM-5 and Micro-Ni?*-ZSM-5.

3.15 Ni2*-US-Y and Co?*-US-Y

NHs"™-US-Y (Alfa Aesar, Si/Al=6, CAS:1318-02-0.1) zeolites are obtained
commercially. 1 g NH4*-US-Y (Si/Al=6) is ion-exchanged twice using 75 mL of 0.5
M cobalt(ll)-nitrate hexahydrate (Merck, 98%) or nickel-(I1)-nitrate hexahydrate
(Merck, 98%) aqueous solution at 298 K for 24 h. Cation-exchangedzeolites are
labeled as Co?*-US-Y and Ni?*-US-Y.

3.2 Characterization Tests

3.2.1 X-Ray Diffraction (XRD) analysis

X-Ray Diffraction (XRD) analysis of Co?*-ZSM-5-Soft Template, Meso-Na*,Co?*-
ZSM-5, Meso-Na*,Ni?*-ZSM-5, Ni?*-US-Y and Co?*-US-Y samples are performed
with Rigaku Ultima-1V, equipped with Cu Ka radiation (A=1.5418 A, 40 kV, 30 mA,
Central Laboratory, METU) with a scanning speed of 1°/min.

XRD analysis of Micro-Ni?*-ZSM-5, Micro-Co?*-ZSM-5, Meso-Ni?*-ZSM-5 and,
Meso-Co?*-ZSM-5 are performed with Rigaku Miniflex, equipped with Cu Ko
radiation (A= 1.5418 A, 40 kV,15 mA) with 0.02° step-size and 5°/min scanning rate
between 20 angles of 2° and 50°.
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3.2.2 Textural Analysis- N2 Adsorption Tests

Pore and surface characterization of samples are performed using N2 adsorption/
desorption isothermsobtained at 77 K using a surface analyzer; i.e., Micromeritics
Tristar 11 3020 (Chemical Engineering Department, METU). Prior to the adsorption
experiment, samples are degassed under vacuum conditions (<150 umHg) at 573 K
for 6 h using Micromeritics VVacPrep. Following the filling of the sample container
with N2, the sample is transferred into the surface analyzer. Following room
temperature evacuation, the available volume is measured using He gas
(Oksan, %99.999). The sample holder temperature is kept at 77 K using liquid N2 in
a dewar. The micropore volume of the samples is calculated based on statistical
thickness t-plot analysis, employing the Harkins and Jura equation for the adsorbed
layer thickness of 3.5 to 5 A [161]. The total pore volume of the zeolites are obtained
from N2 adsorption isotherm between 10* and 0.986 P/Po values. The mesopore
volume is calculated by subtracting the t-plot micropore volume from the total pore
volume. Pore size distributions of samples are obtained using the BJH model from

the adsorption branch.

3.2.3 Scanning Electron Microscope (SEM)

The Scanning Electron Microscope (SEM) analysis of samples is conducted with
QUANTA 400F Field Emission SEM (Central Laboratory, METU) with an
accelerating voltage of 20 kV. The Energy-Dispersive X-ray Spectroscopy (EDX)

analysis is also performed using the same accelerating voltage.

3.24 Elemental Analysis

The elemental analysis of the samples is performed by inductively coupled plasma
optical emission spectrometer (ICP-OES) with Perkin Elmer Optima 4300DV
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analyzer (Central Laboratory, METU). The samples are dissolved in HF solution

before analysis.

3.3 Diffuse Reflectance (DR) UV-Vis

The diffuse reflectance (DR) UV-Vis experiments are conducted using the
spectrometer Shimadzu 2600i equipped with a diffuse reflectance cell (Shimadzu
ISR-2600PIus, METU Chemical Engineering Department). A quartz U-tube is filled
with a mixture of 0.5 g sample and 2 g Ba2SO4. Dehydration is performed by flowing
100 ccm He over the sample at 673 K for 30 min. After the quartz U-tube is sealed,
the spectra of samples are taken between 45 000 cm™ and 7 100 cm™. The absorption
intensities are calculated using Schuster—Kubelka—Munk equation F(R.) =
(1 — Ry)?/2R,, Where R, is the diffuse reflectance from a semi-infinite layer and

F(R,,) is proportional to the absorption coefficient.

3.4  Synchrotron powder X-ray Diffraction

Synchrotron XRD data of powder samples are obtained from MS beamline (1ID09)
at SESAME light source. The wavelength is 1.03365 (12 keV) with a scanning 26
between 2° and 80°[162]. Prior to the analysis, the samples are partially dehydrated
under vacuum at 623 K for 4 h using Micromeritics VacPrep. Then, the samples are
transferred into a borosilicate capillary (having an OD 1 mm) inside a He filled
glovebag. The borosilicate capillary tubes are sealed using epoxy. GSASII software
[163] is used to perform the Rietveld Refinement analysis with the Debye-Scherrer
diffractometer type. The background, including the peak at 20 of 5.78°, is fitted by a
log interpolate function with 10 parameters. The initial phases are obtained from the
International Zeolite Association, Structure Database [123]. Le Bail method is used
to fit peak profiles and unit cell parameters. Atomic positions, occupancies, and
thermal displacement parameters (U) are refined using Rietveld Refinement. All

siliceous Zeolite Y crystallographic information files (cubic unit cell, Fd-3m space
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group, a= 24.2576 A) are used for refinement of US-Y. The occupancy of Si and Al
atoms were determined based on elemental analysis tests of the samples.
Tetrapropylammonium ZSM-5 crystallographic information file (orthorhombic unit
cell, Pnma space group (orthorhombic space group), a =20.022 A, b=19.899 A, ¢
= 13.383 A) is used for refinement of ZSM-5. The framework Si and O atom
distances were restrained to 1.61+0.01 A on ZSM-5 samples using a weight factor
of 60. The tetrahedral atom positions in the MFI framework were refined using only

Si atoms due to low Al content.

3.5 Hydrogen Storage Experiments (<10 bar)

Hydrogen storage tests up to 10 bar are performed using a homemade volumetric
high pressure adsorption system (see Figure 3.1). In the system, high-pressure
resistant steel pipes (Swagelok, ¥4 O.D., 0.89 mm) and connections are used. The
pressures are recorded via an explosion-proof digital pressure manometer (Keller,
ECO2-Ei/-1 30bar / 81201.1). Prepared 0.3-0.5 grams zeolites are degassed under
vacuum at 653 K for 1 h using a scroll vacuum pump (Agilent Technologies, Model
IDP3). Filter (Swagelok Filter, 0002454293) is used above the storage cap to protect
the system from the sample and prevent the sample loss during vacuum condition.
During H2 (Hatgaz, 99.999%) storage and available volume (free space) calculation
with He (Hatgaz, %99.999), firstly V1 part of the system is filled with gas and the
pressure of this part is denoted as P1. Then, Valvel is opened and the equilibrium
pressure of the whole system is denoted as P2. P3 represents the pressure of the cap
that includes sample zeolite. Available volume (free space) of samples is detected

with volumetric calculation of He (Hatgaz, %99.999) with respect to Equation 3.1.

V1(P,-Py)
Vavaiiable volume = ﬁ — Vrilter (Egn.3.1)
P = Pressure(bar)

n = Adsorbed amount(mol)
bar.ml

R = Gas constant( ) = 83.14
mol.K
T = Temperature(K)
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The sample is degassed at 653 K for one hour to desorb He from the sample. After
degassing the sample, H2 (Hatgaz, 99.999%) is dosed to the system with 0.5 bar
increments up to 10 bar at 298 K. Almost 15 min is waited to establish equilibrium

for each dosing. Adsorbed amount at 298 K is calculated according to Equation 3.2.

P;Vy  Py(V1+V3) | P3(V3+Viiter)
— =n Egn.3.2
RT RT + RT adsorbed ( q )

Experiments for each sample is carried out at three different temperatures (293-338
K) to calculate the heat of adsorption (Equation.3.3). In the equation, Qst is isosteric
heat, P is system pressure and R is the ideal gas constant. For the experiments that
are performed at higher temperatures than 298 K, 20 min is needed for equilibrium.
The temperature of the Vs part of the system is brought to the target high temperature
value by using the furnace (ORDEL, SC771). The mole balance is established by
considering the temperature differences and the amount of hydrogen adsorbed for

each pressure is calculated using Equation.3.4.

(6(1/2 ))TL R ( o )
1V1 3V3 3 Vfilter 2V3 2V1 __ 2 Vfilter — dsorbed (Eqn.3. )

RTambient  RThigh =~ RTfilter ~ RThigh  RTambient  RTrilter
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Filter+V;

Figure 3.1 Photograph of the Hz adsorption experiment set-up used for Hz adsorption
up to 10 bar

3.6 High Pressure Hydrogen Storage Experiments (<50 bar)

High pressure experiments are performed using a Micrometric High Pressure
Volumetric Analyzer at KUTEM (TUPRAS Energy Center). 0.1-0.2 g zeolite
samples are degassed at 623 K for 4 hours. Afterwards hydrogen storage experiments
are performed at 298 K up to 50 bar. For each loading 15 min is waited to establish

the equilibrium of adsorption and desorption.
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3.7 77 K Hydrogen Storage Experiments

Hydrogen storage experiments for 77 K are conducted by Micromeritics Tristar Il
3020 (METU, Chemical Engineering Department). 0.2-0.3 g samples are degassed
under vacuum condition at 623 K for 4 hours using a degassing instrument
(Micromeritics, VacPrep 061). Then, samples are cooled to ambient temperature and
filled with nitrogen gas (Oksan, 99.999%). Afterwards zeolites are transferred to
Micromeritics Tristar 11 3020 for Hz adsorption analysis, following evacuation for
30 min. The available volume of evacuated samples are measured using He gas
(Oksan, 99.999%). Then, hydrogen (Hatgaz, 99.999%) is started to be introduced to

the zeolites starting from 0.013 bar up to 1.055 bar incrementally.

3.8 Density Functional Theory Calculations

Density Functional Theory studies are performed by periodic and cluster model. The
periodic DFT study is performed by Asst. Prof. Dr Murat Olus Ozbek and cluster
model is performed by Dr. Yasemin Kaya on TUBITAK ULAKBIM, High

Performance and Grid Computing Center (TRUBA resources).

3.8.1 Cluster Model

Cluster model optimizations are performed using Gaussian09 package with B3LYP
functional and 6-31G(d,p) basis set. The cluster structures having a- and y-sites are
cleaved from the optimized ZSM-5 unit cell. After cleaving the cluster, the dangling
O atoms are terminated by hydrogen atoms to obtain the neutral charge for the
cluster. These H atoms are directed towards the next Si atoms in the unit cell
structure. O-H bond lengths are kept fixed at 0.96 A during all the calculations. Two
Si atoms are replaced by two Al atoms. Replacement of each Si atom by an Al atom
results in having an extra negative charge on the cluster. Negative charge of the
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cluster is saturated by additional Ni?*/Co?* ions. Additionally, 3 possible
configurations for Al atoms are tested.

The energy of Hz adsorption is calculated by Equation 3.5, where Ey_ /y+_zeotite

represents the total energy of the adsorbed H2 on the metal exchanged zeolite,

Em+_zelotite 1S the energy of the metal exchanged zeolite and Ey, 4 is the energy of
a hydrogen molecule in the gas phase.
AEqas = By, ym*—zetotite = (Eny(g) T Em*—zetotite) (Egn.3.5)

3.8.2 Periodic Model

Periodic DFT simulations are performed using the Quantum Espresso package [164].
Perdew—Burke—Ernzerhof (PBE) functional is used for the exchange-correlation
energy, where the ionic core pseudopotential is expressed using projector augmented
wave (PAW) sets. The cut-off energies used for the wavefunctions, and the charge
densities are 75 Ry and 476 Ry, respectively. All the results of the Co and Ni
containing structures are the outputs of the spin polarized computations and are
obtained by relaxing the structures until the net force acting on the ions were Fnet <
0.001 Ry/Bohr and a scf convergence of 1x10 Ry. The Brillouin zone sampling of
the ZSM-5 structures and gas phase H> molecule are done using a single gamma
point, where the periodic molecules of the latter are separated with a minimum of 10
A vacuum distances in all Cartesian Coordinates. The adsorption energies of the Ha
molecules are calculated as the difference between the DFT energies of the products
(H2 adsorbed structure) and the sum of the reactants (clean structure + Ha(g)) as given

in Equation 3.5.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Characterization Results

41.1 XRD Results

XRD patterns of ZSM-5 samples are given in Figures 4.1 and 4.2. All of the ZSM-5
samples show MFI framework characteristic peaks with high crystallinity. Extra
peaks and extra phases are not observed for any of the zeolite samples. Na-ZSM-5-
Soft Template and Co?*-ZSM-5-Soft Template have lower diffraction intensities and
broader peaks compared to other samples due to smaller crystal sizes. As seen in
Figures 4.1 and 4.2, there is a slight decrease in peak intensities after desilication due

to decreasing crystal sizes (Figure 4.2).

Co?*-ZSM-5-Soft Template
M DU L N
~ Na-ZSM-5-Soft Template
\M J\\u‘

I \ hﬂ Meso-Na* Ni?*-ZSM-5

= I \ h \ Meso-Na*,Co?*-ZSM-5

Intensity (a.u.)

NH,*-ZSM-5(1)-DES

B I \ A NH,*-ZSM-5(1)

0 10 20 30 40 50
20

Figure 4.1 XRD patterns of Na-ZSM-5-Soft Template and Co-ZSM-5-Soft
Template, Meso-Na*,Ni?*-ZSM-5, Meso-Na*,Co?*-ZSM-5, NH4*-ZSM-5(I)-DES,
NH.*-ZSM-5(1)
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i I \ M Meso-N i2+—Z§M—5
r I M Meso-Co2*-ZSM-5
" l "'l Micro-Ni2*-ZSM-5

o h‘ Micro-Co?*-ZSM-5
B l; ,h Na*-ZSM-5(11)

i NH,*-ZSM-5(111)

Intensity (a.u.)

0 10 20 30 40 50
20

Figure 4.2 XRD patterns of Meso-Ni?*-ZSM-5, Meso-Co?*-ZSM-5, Micro-Ni?*-
ZSM-5, Micro-Co%*-ZSM-5, Na-ZSM-5(I1) and NH4*-ZSM-5(I11)

Figure 4.3 shows XRD patterns of US-Y samples. All of the zeolites show well-
resolved peaks characteristic for the FAU framework, without the presence of peaks

of other crystalline phases or amorphous phase.

\J || l || l L .l Ni?*-US-Y
i 1 l L] Co?*-US-Y
_— A "

Intensity (a.u)

Figure 4.3 XRD patterns of Ni?*-US-Y, Co?*-US-Y, NH4*-US-Y
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4.1.2 SEM Micrographs

SEM images of Na-ZSM-5-Soft Template and Co?*-ZSM-5-Soft Template are given
in Figure 4.4. In the synthesis, ZSM-5 microsphere aggregates are formed from
primary nano-particles as can be seen in Figure 4.4(a) and interparticle mesoporosity

is obtained with mesoporogen; cetyltrimethylammonium bromide (CTABT).

Figure 4.4 SEM micrographs a) Na'-ZSM-5-Soft Template b) Co?*-ZSM-5-Soft
Template

Morphologies and the particle sizes of desilication method applied to ZSM-5 are
observed in Figures 4.5 and 4.6. Typical ZSM-5 morphology is maintained
throughout the alkaline treatment. NH4*-ZSM-5(I), Meso-Na*,Ni?*-ZSM-5 and
Meso-Na*,Co?*-ZSM-5 samples show characteristic coffin shape of MFI framework
with crystal size ranging 1-2 um. The surface of the samples Micro-Co?*-ZSM-5,
Micro-Ni?*-ZSM-5, Meso-Co?*-ZSM-5, and Meso-Ni?*-ZSM-5 are quite rough that

can be seen mostly in zeolites with high aluminum content.

US-Y samples show typical FAU crystal morphology (octahedrons and truncated
octahedrons) with crystal sizes ranging between 1 and 2 um as demonstrated in

Figure 4.7.
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Figure 4.5 SEM micrographs a) NH4*-ZSM-5(1) b) Meso-Na*,Ni?*-ZSM-5 c) Meso-
Na*,Co%*-ZSM-5

Figure 4.6 SEM micrographs a) Na*-ZSM-5(11), b) Micro-Co?*-ZSM-5, ¢) Micro-
Ni2*-ZSM-5, d) Meso-Co%**-ZSM-5, e) Meso-Ni?*-ZSM-5
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Figure 4.7 SEM micrographs a) Ni?*-US-Y, b) Co?*-US-Y
4.1.3 Elemental Analysis

Si/Al ratio and metal contents are given in Table 4.1. It is aimed to obtain high cation
content in order to increase the possible interaction of the zeolites with the hydrogen
molecules. The highest metal content in ZSM-5 belongs to Meso-Co%*-ZSM-5 with
a value of 0.35 mmol M?*/ g zeolite. According to the ICP results, high aluminum
content is observed on Co%*"-ZSM-5-Soft Template (Si/Al=11) resulting in 0.23
mmol M?*/g.

As can be seen, the Si/Al ratio of NH4"-ZSM-5(1) and Na*-ZSM-5(Il) decreases
following the desilication method, which is based on removing Si atoms from the
framework. Meso-Ni?*-ZSM-5 and Meso-Co%*-ZSM-5 show a similar Si/Al ratio (~
22) to Micro-Ni?*-ZSM-5 and Micro-Co?*-ZSM-5 samples with a 0.08 mmol M?*/
Ozeolite higher metal content according to ICP results. Meso-Na*,Co?*-ZSM-5 and
Meso-Na*,Ni?*-ZSM-5 samples also show Na content. Ni?*-US-Y and Co%"-US-Y
zeolites show high metal content, due to the low Si/Al ratio (Si/Al = ~5), by 0.35 and

0.42 mmol M?*/g zeolite respectively.
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Table 4.1 Elemental analysis of zeolites

Sample Si/Al2 M2+/Al2 |\r;|]2m/%|a
Na-ZSM-5-Soft Template 12°
Co0?*-ZSM-5-Soft Template 11 0.17 0.23
NH4*-ZSM-5(1) 32P
Co/Al=0.2
Meso-Na*,Co?**-ZSM-5 14 Na/AI=0.6 0.24
Meso-Na* Ni2*-ZSM-5 12 NI/AI=0.1 0.18
Na/Al=0.2
Na*-ZSM-5(11) 33P
Meso-Ni?*-ZSM-5 22 0.44 0.31
Meso-Co0?*-ZSM-5 22 0.49 0.35
NH4*-ZSM-5(111) 22
Micro-Ni?*-ZSM-5 21 0.3 0.22
Micro-Co?*-ZSM-5 21 0.36 0.27
NH4 -US-Y 6
Ni?*-US-Y 5 0.13 0.35
Co?*-US-Y 4 0.13 0.42

2Elemental analysis performed using ICP-OES

°Elemantal analysis performed using EDX

414 N2 Adsorption and BJH Pore Volume Distribution Results

N2 physisorption isotherms of ZSM-5 and US-Y zeolites are given in Figures 4.8,
4.10, and 4.12. BJH Pore Volume Distribution of zeolites are given Figures 4.9, 4.11

and 4.13.

As demonstrated in Figure 4.8, Na-ZSM-5-Soft Template shows type 1V isotherm
that is commonly observed in porous materials including mesoporosity and H4
hysteresis loop as evidence of mesoporosity in the structure according to IUPAC.
Co?*-ZSM-5-Soft Template shows lower N2 adsorption capacity than Na-ZSM-5-

Soft Template due to existing of cations in the structure. Depending on the ionic radii
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of extraframework cations they can decrease the available free space for the gas
molecules. NH4"-ZSM-5(1) sample shows mainly Type | adsorption isotherm, which
is seen on microporous materials according to IUPAC. Meso-Na, Ni?*-ZSM-5, and
Meso-Na, Co?*-ZSM-5 show exactly Type IV isotherm and adding mesoporosity
increases the N2 adsorption capacity. Therefore, it can be inferred that mesopore

addition was successfully applied to NH4"-ZSM-5(1) by desilication.

200 | —*— Co%"-ZSM-5-Soft Template

|0:: —e— Na-ZSM5-Soft Template
w - —®— Meso-Na* Ni**-ZSM-5
D Meso-Na*,Co%*-ZSM-5
™ 150 — +
£ NH,*-ZSM-5(1)
A
- L
o)
2
o 100
)
T
< |
2>
& 50 #
8 'y

L A

i . | . | . | . | .

0 0.2 0.4 0.6 0.8 1
P/P,

Figure 4.8 N2 adsorption/desorption isotherms at 77 for Co?*-ZSM-5-Soft Template,
Na-ZSM-5-Soft Template, Meso-Na,Ni>*-ZSM-5, Meso-Na,Co?"-ZSM-5, NH4*-
ZSM-5(1)

Pore sizes of the samples are calculated using Barrett-Joyner—Halenda (BJH)
adsorption. Both Na-ZSM-5-Soft Template and Co?*-ZSM-5-Soft Template have

pores with 4 nm diameter. NH4*-ZSM-5(1) includes pore sizes below < 2 nm showing
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a lack of mesopores (2-50 nm). Meso-Na, Ni?*-ZSM-5, and Meso-Na, Co?*-ZSM-5

show pores with sizes around 14 nm due to addition of extra-porosity by desilication.

—o— Meso-Na*,Ni?*-ZSM-5 Meso-Na*,Co?*-ZSM-5
0.5 NH,*-ZSM-5(1) —e— C0?-ZSM-5-Soft Template
— Na-ZSM-5-Soft Template
0.4 |

0.3

0.2

dV/dlog(D) Pore Volume (cm®/g-A)

©
-—

Pore diameter (nm)

Figure 4.9 BJH adsorption branch pore size distribution of Co?*-ZSM-5-Soft
Template, Na-ZSM-5-Soft Template, Meso-Na,Ni?*-ZSM-5, Meso-Na,Co?*-ZSM-
5, NH4™-ZSM-5(1)

As can be seen in Figure 4.10, Micro-Ni?*-ZSM-5, Micro-Co?*-ZSM-5, Na*-ZSM-
5(111) and NH4*-ZSM-5(111) show Type | isotherm. Meso-Ni?*-ZSM-5 and Meso-
Co?*-ZSM-5 show Type 1V isotherm with higher N2 adsorption capacity due to the
increased total pore volume. Also, cation loading on zeolites do not affect the pore
characteristics according to the similarity on isotherms of NH4"-ZSM-5(111), Micro-
Ni%*-ZSM-5 and Micro-Co?*-ZSM-5.

According to shown BJH adsorption branches in Figure 4.11, Micro-Ni?*-ZSM-5,
Micro-Co?*-ZSM-5, Na*-ZSM-5(11) and NH4*-ZSM-5(111) include micropores < 2
nm, while Meso-Ni?*-ZSM-5 and Meso-Co?*-ZSM-5 pore sizes are in the broad

range between 4 and 92 nm with maximum pore volume at 14 nm.

48



400
Meso-Niz*-ZSM-5

Meso-Co?*-ZSM-5
Micro-Ni%*-ZSM-5
Micro-Co?*-ZSM-5
Na*-ZSM-5(11)

NH, *-ZSM-5(ll)

Ty

Quantity Adsorbed(cm?/g, STP)
S
o
I

1 1 I 1 1 1
0 0.2 0.4 0.6 0.8 1
PIP,

Figure 4.10 N2 adsorption/desorption isotherms at 77 for Meso-Ni?*-ZSM-5, Meso-
Co%*"-ZSM-5, Micro-Ni?*-ZSM-5, Micro-Co?*-ZSM-5, Na*-ZSM-5(111), NHa*-
ZSM-5(111)
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Figure 4.11 BJH adsorption branch pore size distribution of Meso-Ni%*-ZSM-5,
Meso-Co?*-ZSM-5, Micro-Ni?*-ZSM-5, Micro-Co?*-ZSM-5, Na*-ZSM-5(1I),
NH4"-ZSM-5(111)

Ni*-US-Y, Co%*-US-Y and NH4*-US-Y show Type IV type of isotherm and H4

hysteresis type similar with mesopore added ZSM-5 samples. Pore sizes of US-Y
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samples change between 3 and 90 nm and peak at 24 nm as shown BJH pore volume

distribution in Figure 4.13.
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Figure 4.12 N2 adsorption/desorption isotherms at 77 for Ni?*-US-Y, Co?*-US-Y,
NH4*-US-Y
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Figure 4.13 BJH adsorption branch pore size distribution of Ni?*-US-Y, Co?*-US-Y,
NH4*-US-Y

Surface area and pore volumes of zeolites are calculated using the N2 physisorption

isotherms and the results are listed in Table 4.2. Mesopore volume of zeolites is
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calculated by substracting micropore volume (Vmicro (cm3/g)) from total pore volume
(Viotal (cm3/g)).

Synthesized microporous ZSM-5 show pore volumes (0.13-0.14 cm®/g) that are in
agreement with the characteristic MFI framework micropore volume (0.13-0.15
cm?®g) [165]. Na-ZSM-5-Soft Template and Co?*-ZSM-5-Soft Template show the
total pore volume as 0.22 cm®/g with a mesopore volume around 0.1 cm?/g.

After alkaline treatment, the total pore volume of NH4™-ZSM-5(1) is successfully
increased from 0.15 cm®/g to 0.28 and 0.25 cm®/g with the addition of ~ 0.14 cm®/g
mesopore volume as can be seen on the samples Meso-Na*,Co?*-ZSM-5 and Meso-
Na*,Ni?*-ZSM-5.

Na*-ZSM-5(11) has a total 0.22 cm®/g pore volume and is increased to 0.52 and 0.54
cm?®/g after alkaline treatment as can be seen on Meso-Ni?*-ZSM-5 and Meso-Co?*-
ZSM-5 respectively. The micropore volumes of Na*-ZSM-5(I1), Meso-Ni?*-ZSM-5
and Meso-Co%*-ZSM-5 are similar. Hence, it can be inferred that desilication has
insignificant destructive effect on the texture of the samples. Moreover, Langmuir
surface area is expanded from 354 m?/g to ~ 600 m?/g after desilication on Na*-ZSM-

5(I1) due to the addition of mesopores.

Microporous zeolites NH4*-ZSM-5(111), Micro-Ni?*-ZSM-5, and Micro-Co?*-ZSM-
5 show total pore volume as ~ 0.23 cm®/g with 0.1 cm®/g mesopore volume. There
is a slight decrease in the total micropore volume due to presence of nickel or cobalt

cations.

US-Y zeolites show a total pore volume of 0.49 cm®/g with an addition of 0.20 cm®/g
mesopore volume to 0.29 cm®g micropore volume. In this study, US-Y zeolites
show a higher Langmuir surface area (~ 1000 m?/g) than ZSM-5 zeolites showing a
maximum 614 m?/g surface area with the Meso-Co?*-ZSM-5 sample.
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Table 4.2 N2 physisorption characteristic results for zeolites

Sample S(Lr;‘]"é’/r;‘;" Viota (€M3G)  Vimicro (cM3/g) (;/nr:;/sa)
Na-ZSM-5-Soft Template 429 0.22 0.12 0.1
Co0?*-ZSM-5-Soft Template 407 0.22 0.15 0.07
NH4*-ZSM-5(I) 357 0.15 0.11 0.04
Meso-Nat,Co?*-ZSM-5 343 0.28 0.1 0.18
Meso-Na*,Ni?*-ZSM-5 354 0.25 0.09 0.16
Na*-ZSM-5(11) 535 0.22 0.13 0.09
Meso-Ni?*-ZSM-5 600 0.52 0.12 0.41
Meso-Co0?*-ZSM-5 614 0.54 0.11 0.43
NH4"-ZSM-5(111) 531 0.22 0.14 0.08
Micro-Ni%*-ZSM-5 527 0.23 0.13 0.1
Micro-Co?*-ZSM-5 523 0.23 0.13 0.1
NH4*-US-Y 946 0.46 0.27 0.19
Ni%*-US-Y 1007 0.49 0.29 0.2
Co?*-US-Y 968 0.46 0.28 0.18

4.2  Hydrogen Adsorption (~298 K, < 10 bar) Results

Hydrogen gravimetric uptake isotherms of zeolites are given in Figures 4.14, 4.15
and 4.16 separately. Ni?*-, Co?*- zeolites show higher uptake capacity (0.06-0.14
wt.%, 10 bar) than NHs*- zeolites (0.05-0.06 wt.%, 10 bar) [166]. The highest
gravimetric capacity belongs to Meso-Ni?*-ZSM-5 with 0.14 wt.% and the order of
the capacities continues as Meso-Na,Ni?*-ZSM-5, Micro-Ni?*-ZSM-5, Ni%*-US-Y,
Meso-Co%*-ZSM-5 (all shows ~ 0.1wt.%) > Co?*-ZSM-5-Soft Template, Micro-
Co?*-ZSM-5, Co?*-US-Y (all shows 0.08 wt.%) > Meso-Na,Co?*-ZSM-5 (0.05
wt.%). Overall, Ni?*-zeolites show a higher capacity than the Co?" loaded form of
the same NH4*- zeolite. The main reason for this result can be higher attraction of
Ni2* cation with hydrogen at 298 K.

52



0.15
—&— (Co0%"-ZSM-5-Soft Template

—e— Meso-Na*,Ni#*-ZSM-5
Meso-Na*,Co?*-ZSM-5
NH,*-ZSM-5(I)-DES

o
-
I

o

o

o
T

Total H, Uptake (wt%)

Pressure(bar)

Figure 4.14 Gravimetric uptake isotherms of Co?*-ZSM-5-Soft Template, Meso-
Na,Ni?*-ZSM-5, Meso-Na,C0?*-ZSM-5, NH4*-ZSM-5(1)-DES up to 10 bar

The 10 bar result of Meso-Ni?*-ZSM-5 (0.14 wt.%) is higher than the reported 0.1

wt.% capacity of Na-A zeolite under ambient temperature and 10 bar [90]. Besides,

Meso-Ni?*-ZSM-5 has a similar capacity with Ni?* cation loaded metal organic
framework (Niz(m-dobdc)) showing value of ca. 0.13% at 298 K and 10 bar [69]. On
the other hand, NiNaX shows 0.16 wt.% at 303 K and 5 bar which is higher than the

results of this study. One possible reason is the high metal content of NiNaX with

2.2 mmol Ni?*/g [167].
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Figure 4.15 Gravimetric uptake isotherms of Meso-Ni?*-ZSM-5, Meso-Co?*-ZSM-
5, Micro-Ni?*-ZSM-5, Micro-Co%*-ZSM-5, NH4"-ZSM-5(11), NH4*-ZSM-5(111)
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Figure 4.16 Gravimetric uptake isotherms of Ni?*-US-Y, Co?*-US-Y, NHs*-US-Y

The volumetric storage capacity of zeolites is calculated by dividing the gravimetric

capacity by the total pore volume and the results are demonstrated in Figure 4.17.
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The highest volumetric capacity belongs to Meso-Na,Ni?*-ZSM-5 (4.5 g H2/L) and
followed by Micro-Ni?*-ZSM-5 (4 g H2/L) > Co?*-ZSM-5-Soft Template (3.9 g Ha2/L
) > Micro-Co?*-ZSM-5 (3.35 g Hz/L) > Meso-Ni?*-ZSM-5 (2.7 g Hz/L)> Meso-
Na,Co?*-ZSM-5~Ni?*-US-Y~Co0?*-US-Y~Meso-Co?*-ZSM-5 (all shows ~2g Ha/L).

As mentioned before the highest volumetric capacity among the MOFs is reported
for Niz2(m-dobdc) showing 11 g/L at 298 K and 100 bar [69]. All of the zeolites in
this study show higher volumetric capacity than the calculated 10 bar result (1.52
g/L) of Ni2(m-dobdc). The lower total pore volume of the zeolites provides them

higher volumetric capacity and makes them promising porous materials for hydrogen

storage.
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Figure 4.17 Volumetric capacity of Ni?* , Co?*-zeolites up to 10 bar

The prevalent parameter is the heat of adsorption at ambient temperature and low
pressure storage [38]. Therefore, the main reason for observing high uptake capacity
on Ni?* - zeolites than Co?*-zeolites is higher isosteric heat values. Hydrogen
molecules are firstly adsorbed on the strongest cation sites on the framework, and it
is suggested that the 2 Hz/M?* is the upper limit to observe the initial heat of
adsorption effect on the hydrogen physisorption. H2/M?* trends (<10 bar) of the
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zeolites are given in Figure 4.18 (see Appendix A for the sample calculation for Ni?*-
US-Y and Table A.1 for the calculated results of H2/Ni?*). H2/M?* ratios are
calculated using mmol M?*/g zeolite found according to ICP-OES (Table 4.1). Prior
to the hydrogen storage experiment, the samples are degassed at 673 K under
vacuum. The oxidation state of the zeolites is expected to be 2+ since, the oxidation
states of Ni?* and Co?* cations are expected to be 2+ during degassing up to 723 K
under vacuum conditions [156][168][154].

Although Ni?*, Co?*- US-Y zeolites have high metal content (0.35 mmol and 0.42
M?*/g zeolite) than ZSM-5 samples, they show lower Hz/M?* because of the
inaccessible sites on the FAU framework. In this study, pore volume restriction of
ZSM-5 is targeted to be overcome by adding mesoporosity. However, the mesopore
effect is not observed up to 10 bar. The evidence comes from the Ha/M?* trend
similarity on Meso-Ni?*-ZSM-5 and Micro-Ni?*-ZSM-5 as well as on Meso-Co?*-
ZSM-5 and Micro-Co?*-ZSM-5. This situation claims that the heat of adsorption is
still the dominant parameter up to 10 bar and hydrogen molecules have not yet begun

to fill the pores.
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Figure 4.18 Ho/M?* trends of Ni?* , Co?*-zeolites up to 10 bar
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At the same pressure, zeolites having higher H2/M?* are predicted to have strong
interaction with hydrogen, which results in a higher isosteric heat value. Isosteric
heat trends (-Qst) of the zeolites are given in Figures 4.19 and 4.20. -Qst and Ha/M?*
trends of the zeolites are in the same line indicating the dominance of the heat of

adsorption up to 10 bar.

Isosteric heats of zeolites (-Qst) are calculated by using three different adsorption
isotherms obtained in the 293-338 K temperature range (isotherms can be found in
Appendix Figure B1, data used to obtain isosteric heat and Van’t Hoff plots of
Micro-Ni%*-ZSM-5 is given in Appendix Table B2 and Figure B2 respectively).
NHa"- zeolites show similar initial isosteric heats in the range of -Qs=8.5-10 kJ/mol
(Figure 4.19). Ni%*, Co?*-zeolites show higher initial heat of adsorption values in the
range of -Qs=15-40 kJ/mol (Figure 4.20). Ni?* and Co?" sites on zeolites show a
strong affinity with hydrogen resulting in the high heat of adsorption values. The
highest H2/M?* values belongs to Meso-Na,Ni**-ZSM-5 which shows also the
highest -Qst value with 40 kJ/mol and is followed by Meso-Ni?*-ZSM-5~Ni?*-ZSM-
5>Ni?*-US-Y~Meso-Co?*-ZSM-5~C0?*-ZSM-5>  Co?*-US-Y> Meso-Na,Co?*-
ZSM-5. Heat of adsorption values of all zeolites decrease slightly as hydrogen uptake
increases. The main reason is the existence of different cation sites on the framework
and these sites can also show different affinities with hydrogen. As H2 binding
energies depend on the specific cation sites, it is essential to investigate these
energies specific to possible Ni?*-, Co?*- cation locations for ZSM-5 and US-Y. Such
an investigation is given in Sections 4.4.1 (Diffuse Reflectance UV—Vis Results),
4.4.2 (Synchrotron Powder XRD (SXRD) Results) and 4.4.3 (Density Functional
Theory (DFT)).

As can be seen in Figure 4.19, isosteric heat trends of Meso-Na,Ni?*-ZSM-5 and
Meso-Na*,Co?*-ZSM-5 decrease more sharply compared to other Ni?*, Co?*-
zeolites. The possible reason is the presence of Na cations showing -AH = 6-10
kJ/mol experimentally [102,105].
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Figure 4.19 Isosteric heats (-Qst) results calculated for NH4*-zeolites at 293-338 K

In order to obtain reversible hydrogen physisorption, the heat of adsorption should
be in the range of—Angt = 15 — 25 kJ/mol [39,40]. In Bhatia and Myers’s study,

the optimum heat of adsorption is calculated as -15.1 kJ/mol (AS° = -8R for a variety
of adsorbents) for 298 K and 1.5-30 bar cycling adsorption process [38]. However,
the entropy of adsorption is found as -140 J/mol/K for the zeolites showing high heat

of adsorption (AH® = —18%)[169]. If the optimum heat of adsorption is

J

it
mol K’

recalculated for the working pressure range of 5-100 bar and AS® = —140

can be found as 34 kJ/mol. Consequently, isosteric heat results of Ni>*, Co**- zeolites
(-AH°=15-40 kJ/mol) in this study can be appropriate candidates for hydrogen
storage between 100 bar and 5 bar. In addition, Ni?*, Co**- zeolites in this study show
higher heat of adsorption values than Ni>*-MOF and Co?’-MOFs showing heat of
adsorption values between -13.5 and -10.7 kJ/mol [70-72,170,171]. Although high
Van der Waals interaction between H> and extraframework cation sites is crucial, the
pore size should be also less than 1 nm in order to have high affinity. At this point,
zeolites ZSM-5 (5.4 x 5.6 A) and US-Y (14.1 x 15.6 A) have an advantage with their

cage sizes especially for the high pressure levels when compared to MOFs.
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Figure 4.20 Isosteric heats (-Qst) results calculated for Co?*- and Ni?*- zeolites at
293-338 K

4.3 Hydrogen Adsorption (298 K, < 50 bar) Results

A couple of Ni?*, Co?*-zeolites are analyzed up to 50 bar at 298 K in order to observe
high pressure performances. The gravimetric capacity results are given in Figure
4.21. The highest gravimetric capacity is reached on Ni?*-US-Y with 0.55 wt.%
capacity and followed by Meso-Na,Ni?*-ZSM-5 (0.5 wt.%), Co?*-US-Y (0.46 wt.%),
Meso-Na,Co?*-ZSM-5(0.35 wt.%) and Co?*-ZSM-5-Soft Template (0.3 wt.%). In
terms of the gravimetric capacity values, Co?*- and Ni%*-exchanged zeolites show
similar uptake performances (0.3-0.6 wt.% at 298 K and 50 bar) when compared to
Niz2(m-dobdc) and Coz(m-dobdc) [69]. One recent study belongs to Villajos et al.,
which is performing hydrogen uptake on Ni- or Co-MOF-74 (-Qst=~12 kJ/mole)
under ambient temperature up to 50 bar. In the study, the highest total gravimetric
capacity belongs to Ni-MOF-74 with 0.47 wt.% at 298 K and 50 bar [172]. The
gravimetric uptake of Ni?*-USY (0.55 wt.%) surpasses the Ni-MOF-74 under the
same conditions due to high affinity with hydrogen resulting higher heat of
adsorption value (-Qst=~17 kJ/mole).
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Figure 4.21 Gravimetric capacity of Co?*-ZSM-5-Soft Template, Meso-Na,Ni?*-
ZSM-5, Meso-Na,Co?*-ZSM-5, Ni?*-US-Y,Co%*-US-Y for 298 K and 50 bar

Figure 4.22 and 4.23 show Hz2/M?* and volumetric capacity results of the zeolites
respectively. It is previously concluded that the heat of adsorption is still the
dominant parameter up to 10 bar from the experimental results in this study. Hz/M?*
results of the zeolites increase to the range 5-14 H2/M?* at 50 bar as given in Figure
4.22. High Hz2/M?#* values show that the hydrogen is adsorbed also on the zeolite’s
walls in addition to extraframework cation sites. Although US-Y zeolites have a
higher surface area and pore volume than the ZSM-5 zeolites, they show lower
volumetric capacity. The possible reason is a high hydrogen affinity of ZSM-5 due
to a smaller cage size than US-Y resulting high affinity of hydrogen to zeolite walls.
This situation is confirmed by the H2/M?* results of the zeolites in Figure 4.22. Meso-
Na,Ni?*-ZSM-5 and Meso-Na,Co?*-ZSM-5, show higher H2/M?* than Ni%*-US-Y
and Co?*-US-Y at 50 bar.
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Figure 4.22 H2/M?* results for Co?*-ZSM-5-Soft Template, Meso-Na,Ni?*-ZSM-5,
Meso-Na,Co?*-ZSM-5, Ni?*-US-Y,Co?*-US-Y at 298 K and up to 50 bar

The highest volumetric capacity belongs to Meso-Na,Ni?*-ZSM-5 (20 g H2/L) and
is followed by Co?"-ZSM-5-Soft Template~Meso-Na,Co?*-ZSM-5(14 g
H2/L)>Ni?*-US-Y(11g H2/L)>Co0?*-US-Y(10 g H2/L). As mentioned before
volumetric storage capacity is quite more crucial than gravimetric capacity because
of its direct relation to the volume of the storage tank. The reached ultimate
volumetric storage capacity (20 g H2/L) in this study surpasses the results of the
reported highest volumetric capacity (Ni2(m-dobdc, 11 g H2/L) among the MOFs at
298 K and 100 bar [69]. Similarly, Meso-Na,Co?*-ZSM-5 shows higher capacity
than Coz(m-dobdc) having ca. 7.1 g/L at 298 K and 50 bar [69]. ZSM-5 zeolites have
an advantage with their narrow pore openings (<1nm) and low total pore volume
(0.25-0.28 cm®/g) compared to Niz(m-dobdc) and Coz(m-dobdc) having ~0.53 cm®/g
pore volume. Therefore, 20 g Hz/L volumetric capacity reached at 298 K and 50 bar
show great potential to achieve the target volumetric adsorption capacity of 40 g
H2/L at 100 bar set by the Department of Energy [19]. On the other hand, it is
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expected to observe high storage capacity on Ni?*-US-Y and Co?*-US-Y zeolites at

higher pressures (~ 100 bar) because of their high surface area and total pore volume.
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Figure 4.23 Volumetric capacity of Co?*-ZSM-5-Soft Template, Meso-Na,Ni?*-
ZSM-5, Meso-Na,Co?*-ZSM-5, Ni?*-US-Y,Co?*-US-Y for 298 K and up to 50 bar

One important parameter to determine appropriate porous material for hydrogen
storage is reversibility at ambient condition. Ni?*,Co?*-zeolites in this study show

reversibility except Ni?*-US-Y as shown in Figure 4.24.
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Figure 4.24 Adsorption/Desorption branch of Ni?*,Co?*-zeolites at 298 K up to 50
bar

Figures 4.25 and 4.26 show 10 bar and 50 bar volumetric storage results of Ni?*-,
Co?*-ZSM-5 zeolites. Although two different hydrogen storage experiments are
performed under different laboratory environments, they show similar results for
Meso-Na,Ni?*-ZSM-5 and Meso-Na,Co?*-ZSM-5. This situation can be evidence of
the reproducibility of hydrogen storage on these zeolites. Micro-Ni?*-ZSM-5 and
Micro-Co?*-ZSM-5 zeolites can also show high volumetric capacity at higher

pressures under ambient conditions.
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Figure 4.25 10 bar and 50 bar volumetric storage results comparison of Ni?*- ZSM-
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Figure 4.26 10 bar and 50 bar volumetric storage results comparison of Co%*- ZSM-
5 zeolites
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4.4  Hydrogen Adsorption ( 77 K, < 1 bar) Results

Hydrogen adsorption experiments at 77 K are performed to determine the maximum
storage capacities. The gravimetric and volumetric uptake values of zeolites are
given in Figures 4.27 and 4.28. The order of the gravimetric capacities is Meso-Co?"-
ZSM-5~Micro-Ni**-ZSM-5 ~ Meso-Ni*"-ZSM-5( ~0.8 wt.%) > Micro-Co**-ZSM-5
(0.75 wt.%) > Ni**-US-Y (0.64 wt.%) > Co**-US-Y (0.6 wt.%). The results are lower
than the previously reported 77 K and 1 bar capacity of the zeolites (Li-MOR, Na-
ZSM-5, Na-FAU) showing 1.2-0.8 wt.% [95]. In addition, Ni-, Co- MOFs can reach
2 wt.% storage capacity at 77 K and 1 bar [70], but the highest uptake is reached on
Meso-Co**-ZSM-5 by 0.85 wt.% in this study. The gravimetric capacity values are
slightly lower than the values reported on NiNa-X (Si/Al = 1.18, Ni/Al = 0.33, 1.04
wt.% at 77 K, 1 bar)[167] and NiNa-Y (Si/Al =3, Ni/Al = 0.42, 0.92 wt.% at 77 K,
1 bar)[115] that have higher Al, and therefore Ni contents. The main parameter for
the storage at 77 K and 1 bar is high micropore volume with a narrow pore openings
(<1 nm) for the porous materials [173]. Hence, narrow pore channels of ZSM-5 (5.4
x 5.6 A) provide high storage capacity than US-Y (14.1 x 15.6 A) zeolites at 77 K in
this study.
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Figure 4.27 Gravimetric capacity of Ni?*, Co?*-zeolites at 77 K and 1 bar
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In terms of volumetric storage, Micro-Ni?*- or Co?*-ZSM-5 zeolites show
significantly higher capacities than Meso-Ni?*- or Co?*-ZSM-5, Ni?*-US-Y and
Co?*- US-Y. The reason is directly related to the total pore volume of the zeolites.
For hydrogen storage at 77 K, the heat of the adsorption effect is negligible and the
reached 20 H2/M?* at 1 bar can be evidence for this situation as given in Figure 4.29.
At this level of H2/M?*, hydrogen is adsorbed inside the pores as well as pore walls.
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Figure 4.28 Volumetric capacity of Ni?*, Co?*-zeolites at 77 K and 1 bar
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Figure 4.29 H2/M?* results of Ni?*, Co?*-zeolites at 77 K and 1 bar
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The isotherms obtained at 77 K are fitted with a Sips adsorption model (Equation
4.1), which includes the effect of heterogeneous adsorption sites showing different

heat of adsorption values.

Qmaxbpn
Qe =~ o (Eqn.4.1)

Qmax represents ultimate gravimetric capacity (wt.%) and b is affinity constant.
According to the fitting results in Table 4.3, maximum capacity can be reached by
US-Y zeolites showing ~2.3 wt.% at saturation. The high pore volume (0.49 cm?®/g)
and surface area (1007 m?/g) of US-Y provide high storage capacity compared to
ZSM-5 samples. Therefore, US-Y can be promising material for hydrogen storage at
cryogenic temperatures. On the other hand, Micro-Ni**-ZSM-5 and Micro-Co**-
ZSM-5 show high affinity constants compared to other zeolites in this study. The
reason is due to the pore characteristics of zeolites. According to BJH pore size
distributions, there are micropores on Micro-Ni**-ZSM-5 and Micro-Co**-ZSM-5
whereas Meso-Ni**-ZSM-5/Meso-Co**-ZSM-5 and Ni**-US-Y and Co?*-US-Y
show mesopore sizes such as 14 nm and 24 nm respectively. Therefore, smaller pore
openings provide a high affinity to hydrogen for Micro-Ni?>*-ZSM-5 or Micro-Co**-
ZSM-5.

One similar study belongs to Peedikakkal et al. for Ni,Co-MOF-5. Ni-MOF-5 (0.353
cm?®g) and Co-MOF-5 (0.223 cm®/g) show 1.5 wt.% storage capacity at 77 K and 1
bar. After applying the Sips model to isotherms, maximum gravimetric capacity is
calculated as 1.53 wt.% in the study. Ni-USY and Co-USY showing ~ 2.3 wt.%
maximum gravimetric capacity surpasses the result of Ni,Co-MOF-5 [174].
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Table 4.3 Calculated maximum adsorption capacity and Sips adsorption model
parameters from adsorption isotherms obtained at 77 K

Sample Qmax(mmol/g)  Wt.% b (bar*™) n R?
Meso-Ni**-ZSM-5 6.191 1.2 1.679 0.584 0.99
Meso-Co*"-ZSM-5 6.666 1.3 1.541 0.579  0.99
Micro-Ni*"-ZSM-5 6.091 1.2 1.919 0.599 0.99
Micro-Co**-ZSM-5 5.016 1 2.8 0.645 0.99

Ni?*-US-Y 11.41 2.3 0.3701 0.782 1
Co**-US-Y 11.08 2.2 0.3667 0.798 1

45 Diffuse Reflectance UV-Vis Results

Diffuse Reflectance UV-Vis experiments are conducted in order to obtain cation site
information on ZSM-5. Moreover, Ni?* and Co?* coordination in US-Y is analyzed.
The dehydrated and hydrated spectroscopy results of zeolites are given in Appendix
Figure C.1.

There are three cation sites (a, B, and y) that are preferable due to their framework
coordination in ZSM-5. The d-d transition of bare Co?* cations in the UV—Vis spectra
of the dehydrated ZSM-5 is characteristic of the individual cationic sites (a, B, and
v). The cation probability on these sites depends on the exchange method, Si/Al, and
whether another cation exists in the framework or not. The existence of the Al-(Si-
0)2-Al sequence in one ring is crucial to balancing divalent metal cations in zeolites.
If two Al tetrahedra are not close enough to balance Co?* cations, then the
monovalent Co-OH and Co-oxo species might be balanced by single Al atoms. The
observed absorption bands around 15,000 cm™ represents a sites, 16 000, 17 150,
18 600, 21 200 cm™ represents B sites while 20 100, 22 000 cm™ shows y -type sites
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[149]. The quantitative analysis of cation distribution is conducted according to

Equation 4.2.

[Co] = k;A; (Eqn 4.2)
[Co] is the Co concentration in the zeolite, ki is the absorption coefficient and Ai is
the integrated area of the bands corresponding to the i-type Co®" ion. Absorption
coefficients are taken as 3.7x107, 2.7x107 and 0.9x103 for a, B and y-sites
respectively [124,149].

The UV-Vis Spectroscopy results of the zeolites are deconvoluted and Gaussian
bands are shown in Figure 4.30. According to the results, -site is dominant in both
Micro-Co?*-ZSM-5(52%) and Meso-Co?*-ZSM-5(47%) zeolites, whereas a and y
sites show similar presence in a range of 21-29%. These results are in line with the
reported site distribution in the MFI framework such as B-site (60-85), a(10-40%),
and , y-site (2-12%)[145]. Moreover, it is stated that the Al pair coordination (Al-O-
(Si-O)2-Al) is mostly observed on - site for the Si/Al in the range of 10-35 [127].
The statement is in agreement with the high 8- site presence on Micro-Co%*-ZSM-5
and Meso-Co%*-ZSM-5, which have 22 Si/Al.

On the other hand, cations sites order is a(49%)>B(37%)>y(14%) for Meso-
Na*,Co%"-ZSM-5. The cation distribution on the sites depends on the stabilization
energy of the cation, ion-exchange procedure, Si/Al, or competition with another
existing cation [145]. It can be inferred that the Na* cation content affects the Co?*
distribution and results in increasing Co?* content on the a site. A similar result is
concluded from the study of Dedecek at al. In the case of higher cobalt content for
CoNa-ZSM-5 (>Co/Al=2, ~0.52 Na/Al), B and y -sites occupations of Co?*cation
decrease sharply, whereas a-site occupation increases gradually. Moreover, a-site
occupancy is reported to be almost 10% higher in CoNa-ZSM-5 (Si/Al=14) zeolite
compared to the CoH-ZSM-5 (Si/Al=12.5, parent NH4"-ZSM-5) in the same study
[149].

Co-OH species are not observed in the samples due to the easy dehydroxylation
above 723 K [124]. The characteristic band for Co-OH at 7 300 cm™ is not observed
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on the UV-Vis spectra [149]. Therefore, it can be inferred that Co?* cations are
mostly observed in the form of bare cations. The absorption band at 30 000 cm™,
which represents the charge transition of -oxo, superoxo or peroxo Co species is only
observed on Meso-Na*,Co%*-ZSM-5 [175].

Co?*-US-Y shows absorption bands around 19 000, 17 200, and 16 000 cm™ which
represent pseudo-tetrahedral Co?* cations at sites I’ and Il in calcined (673 K) zeolite
Y [146,147]. In addition, the band at around 25 400 cm " might be associated with

Co?* located in a trigonal planar environment of the oxygen six-membered ring (Site
I1in Y-zeolite) [176].
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Figure 4.30 DR UV-Vis spectra of dehydrated a) Micro-Co?*-ZSM-5, b) Meso-
C0%*-ZSM-5, ¢) Co?*-ZSM-5-50 bar and d) Co?*-US-Y deconvoluted band fittings

The similar bands are observed on Ni%*-zeolites as given in Figure 4.31. The charge
transfer between O2 and Ni?* can be observed in range between 40 000 and 45 000
cm™[153]. The Ni(H20)s>* complex, where Ni?* is in an octahedral coordination is
observed with the bands between 23 000—25 000 cm™ and 8 000—12 000 cm™ [177].
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22 000-23 000 cm* absorption bands show the square planar coordination of bare
Ni2*-cations in dehydrated zeolites [178,179]. The bands between 14 000-17 000
cm* shows tetrahedral (distorted) coordination environments [180]. With regard to
Ni*2-US-Y specifically, the 15 000 cm™ band can be attributed to pseudooctahedral
symmetric Ni?* ions in Site I. Additionally, reported distorted tetrahedral symmetry
for Ni*2-US-Y might be occupied in sodalite cavities (SI') and/or in supercages (SII)
[153].
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Figure 4.31 DR UV-Vis spectra of dehydrated of Ni?*-zeolites
4.6  Synchrotron Powder XRD (SXRD) Results

Properties like valence state, local atomic coordination, concentration and position
of the cation species within the framework structure are crucial parameters for
understanding their role in hydrogen storage. Therefore, Synchrotron powder X-Ray
Diffraction experiments are performed in order to determine locations of the Ni%*
and Co?" cations on the dehydrated Meso-Ni?*-ZSM-5, Micro-Ni?*-ZSM-5, Meso-
Co0%*-ZSM-5, Micro-Ni?*-ZSM-5, Ni?*-US-Y and Co?"-US-Y. Although it is aimed
to analyze the samples in dehydrated form, the partial hydration of the samples could
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not be prevented during transferring the samples to the capillaries in a glovebag. The
water molecule existence in the framework causes migration of the cations away
from the framework oxygen atoms. Additional water molecules are refined as
oxygen atoms during the Rietveld refinement analysis according to obtained Fourier
map, which shows electron density. The atomic positions and parameters obtained
from Rietveld refinement of Meso-Ni?*-ZSM-5, Micro-Ni?*-ZSM-5, Meso-Co?*-
ZSM-5, Micro-Ni?*-ZSM-5, Ni?*-US-Y and Co%*-US-Y samples are given in
Appendix Table D1-D6 (Synchrotron powder X-Ray Diffraction patterns of zeolites
can be found in Appendix Figure D1-D6).

As mentioned before, US-Y zeolite is the member of FAU framework which
includes cation sites namely I, I, II, II', II1, and III'. However, I and I’ sites are not
accessible to hydrogen. Sl is in the center of the hexagonal prism and is surrounded
by an octahedron of oxygens while SI' is in the sodalite cage near the center of the
hexagonal window of the prism and is close to three framework oxygen atoms. Both
two sides are near to hexagonal prism that is not suitable for the kinetic diameter of
the hydrogen (2.89 A)[115].

Hydrated Co?"-US-Y and Ni?*-US-Y zeolites show similar occupation on the
framework. Both cations are detected around the locations which are close to the
sites I’, I’ and III as shown in Figure 4.32. For US-Y zeolite two oxygen atoms (O5,
O6) are refined in order to account for non-negligible water existence in the
framework. Ni?* cations, having 0.69 A ionic radii, are found near to 6MR and 4MR
windows with Ni%*~Oframework distances of 3.79(7) A and 2.3(2) A for Nil and Ni2
respectively as given in Table 4.4. In addition, Ni?* cations show similar distance
(05: 3.4(2)A, 06: 2.8(2)A) to oxygen atoms of water molecules. Similarly, Co2
cations having 0.65 A ionic radii are detected as in coordination with O atoms of
H20 with a Co2-O(H20) distance of 2.85(7) A for Co?*-US-Y. The distance of
cation to oxygens are larger than previously reported Co—Oframework distances (ca. 2
A) for Co*2-Y (Si/Al=1.7) [181]. The difference resulted from the water existence
on the samples in this study. The labeled Nil and Col sites are close to the main sites
Site I’ and Site II” while Ni2 and Co2 are near to the Site I11. The distribution of the
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Ni?* cations are found as 26% and 74% for Nil and Ni2 positions, while the
occupation of Co?" cations are calculated as 29% and 71% for Col and Co2,
respectively. Hence, the majority of the cation sites on US-Y zeolites are accessible

to H2 molecules.

/S/ Oni2 \ Supercage

Sodalite cage

’/(’ N \ﬂ\/\/—

\/ |1 —

\~<V_/\/§/$i> N|1 \/
\

Figure 4.32 Schematic FAU framework (includes sodalite and supercages) of
hydrated Ni*-US-Y, refined in space group Fd3m (Si: yellow, Ni: gray, O6: purple,
O5: turquoise).
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Table 4.4 Co and Ni Distribution and Bond Distances Obtained by Rietveld Analysis
of PXRD Data of Co?*-US-Y, Ni?*-US-Y (Cubic, Fd3'm), (SESAME, ID09 MS, A
= 1.03365 A) (Values in parentheses indicate one standard deviation in the prior

digit.)

M % Bond Distance (A)
Col (Sodalite) 29 Col-O3(w*2 3.56(5)
Co2 (Supercage) 71 Co2-0O4fw) 2.53(6)
Co2-0520) 2.76(6)
Co?*-US-Y Co2-06120) 2.85(9)
al A 24.3290(2)
VI A3 14400.3(4)
WRp/ % 10.68
Nil (Sodalite) 26 Nil-O3w)*2 3.79(7)
Ni2 (Supercage) 74 Ni2—-O4tw) 2.3(2)
Ni2—O5@20) 3.4(2)
Ni?*-US-Y Ni2-0620) 2.8(2)
al A 24.3474(3)
N 14433.0(5)
wRp/ % 11.59

The cation distribution representations for ZSM-5 samples are given in Figure 4.33.
Three main cation sites are refined (Co1,Co2 and Co3) on Co?*-ZSM-5 and Ni?*-
ZSM-5 (Ni1,Ni2 and Ni3) samples. Col is on the 10 MR viewed along [100], Co2
is in the 5SMR near to g-site and Co3 is at the intersection of the straight and
sinusoidal channel (Figure 4.33(a)). It can be inferred that the Co3 cations is not
stable enough to be an extraframework cation because of its longer distance than
typical 24 A distance from the framework oxygens (closest distance for Co3—

Orramework is found as 4.06(7) A). Hence, the presence of this electron density most
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probably resulted from the water molecules in the structure. Although the similar
cation occupation is observed for also Micro-Ni?*-ZSM-5 and Meso-Ni?*-ZSM-5,
Co3 site is not taken into account as a cation site in this study. Table 4.5 shows

distribution of cations and bond distances to framework oxygens.

The sites Co2 (Ni2) and Col (Nil) are close to the S-site (plane of 6MR) rather than
« or y-sites. It can be said that extraframework cations are migrated from g-site to
the channels due to the water existence. Moreover, the a or y -sites can not be refined

successfully for any ZSM-5 samples.

The framework oxygen and extraframework cation distances are in the same range
for all zeolites (1.6—4 A) as shown in the Table 4.5. The occupation percentage of
sites are given also in the Table 4.5. As can be seen, occupation for Co1(Nil) and
Co02(Ni2) are the same for Micro-Ni?*-ZSM-5 and Micro-Co?*-ZSM-5. On the other
hand, two sites show different existence in Meso-Ni?*-ZSM-5 and Meso-Co?*-ZSM-
5 with a high percentage of Co1(10 MR). The possible reason might be the alkaline
medium (desilication) treatment, which is based on removing Si sites from the
framework. As can be seen from the Table 4.1, Si/Al decreases from 33 to 20 after

desilication.
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Figure 4.33 Schematic of MFI framework cation locations in a) Micro-Co?*-ZSM-5,
al) Col and framework oxygen coordination for Micro-Co?*-ZSM-5 b) Meso-Co?*-
ZSM-5 ¢) Meso-Ni?*-ZSM-5 d) Micro-Ni*2-ZSM-5 refined in space group Pnma (Si:
yellow, Co: dark blue, Ni: gray, O: red).
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Table 4.5 Co and Ni Distribution and Bond Distances Obtained by Rietveld Analysis
of PXRD Data of Micro-Co?*-ZSM-5, Micro-Ni?*-ZSM-5, Meso-Co?*-ZSM-5,
Meso-Ni?*-ZSM-5 (Orthorhombic, Pnma) (SESAME, ID09 MS, A = 1.03365 A)
(Values in parentheses indicate one standard deviation in the prior digit.)

Col (10MR)

Co2 (5MR)
Micro-Co**-

al A

b/ A

c/ A

VI A3

wRp/ %

ZSM-5

Nil (10MR)

Ni2 (5MR)
Micro-Ni?*-
al A
b/ A
c/ A
Vi A3

wRp/ %

ZSM-5

M % Bond
50 Col-024tw)
Col-020(tw)*2
50 Co2-0O16tw)
C02-015(tw)
20.0182(4)
19.8931(5)
13.3790(3)
5327.9(2)
9.86
52 Nil-02w)*2
Nil-020w)*2
48 Ni2—O16(w)
Ni2—O14tw)
20.0417(5)
19.8769(6)
13.3810(4)
5330.6(2)
9.58
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Distance (A)
3.6(1)
3.60(8)
1.61(8)
1.90(8)

3.57(5)
3.8(1)
1.8(1)
2.1(1)



Table 4.5 (Cont’d)

Col (10MR)

Co2 (B-site)
Meso-Co**
al A
b/ A
o A
Vi A3

wRp/ %

-ZSM-5

Nil (10MR)

Ni2 (SMR)

Meso-Ni*"-
ZSM-5 al A

bl A
¢/ A
VI A3

wRp/ %

66 Col-024tw)

Col1-02(tw)*2
34 Co02-016(tw)
Co2-0O15(fw)
20.1091(4)
19.9669(5)
13.4229(4)
5389.5(2)
10.47
82 Nil-02(tw)*2
Nil-024fw)
18 Ni2—-O15w)
Ni2—O16(fw)
20.0331(5)
19.8821(6)
13.3769(5)
5328.0(2)
10.10
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3.6(1)
3.64(4)
2.03)
2.13)

3.67(5)
4.0(1)
1.4(4)
1.5(5)



4.7  Density Functional Theory (DFT)

Density functional theory studies are performed in order to analyze Hz-zeolite
interactions for alkali metal [182] [183], alkaline earth metal [184] [185,186] as well
as transition metal [187] [188] [189] [190] cations.

Periodic DFT study is performed for ZSM-5 (MFI framework, Figure 2.7), which
includes three main cation sites namely g, a and y-sites as mentioned before. One
of the main aim of the DFT periodic study is to optimize 3 different pair Al (Al-O-
(Si-O)2-Al) or (Al-O-(Si-O)-Al) coordination for f, a and y-sites on the
orthorhombic ZSM-5 having lattice parameters a = 20.4598 A, b =20.1984 A and ¢
= 13.5548 A (Figure 4.34). Afterward, H2 adsorption is performed on the optimized

structure, and the heat of adsorption values are calculated.

a 4—-“

Figure 4.34 Unit cell of optimized ZSM-5 (a = 20.4598 A, b = 20.1984 A and ¢ =
13.5548 A)

Optimized geometries for Ni?* and Co?* cations on cation sites are given in Figure
4.35. According to the results, both cations are more stable in g and y sites than «
site. In addition, the § and y -sites with 2Al atoms coordinated in opposite sites (Al-
0-Si-0-Si-0-Al) in the 6MR are the most favorable site for Co?*- and Ni?* cations,
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which show square planar or distorted square planar coordinations with framework
oxygen atoms. The observed absorption band (23 000 cm™, Figure 4.31) on Ni?*-
ZSM-5, which represents square planar coordination from the DR UV-Vis study is
in agreement with this coordination. This situation explains the statement that has
been mentioned in the previous study of Dedecek et al. It is suggested that the Al
pair coordination in 6MR (Al-O-(Si-O)2-Al) represents the majority of Al atoms in
Si-rich zeolites (Si/Al>12) with an occupation of 84% in ZSM-5 [145]. The Al-O-
Si-O-Al sequence shows distorted tetrahedral coordination with Ni?* or Co?* cations
resulting high energy values, which makes them less favorable for cations. This
situation is also parallel with the statement which the Al-O-Si-O-Al sequence is
generally not observed for the high Si-zeolites (Si/Al > 12)[128,191].

Co’*-ZSM-5 Ni’*-ZSM-5

a site

AE=0 AE =60 AE =94 AE=0 AE = 63 AE =107

Figure 4.35 Optimized geometries and relative energies (kJ/mol) of Co?*-ZSM-5 and
Ni?*-ZSM-5 using DFT

The heat of adsorption results of the optimized structures is given in Figure 4.36.
Lower heat of adsorption values is obtained for more stable cation sites as presented
in Figure 4.36. The highest heat of adsorption is observed for Co?*-ZSM-5 with AH

=-35 kJ/mol in a-site. The most stable cation sites (y, B8, Figure 4.36, Configuration
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1) for Ni and Co show lower heats of Hz adsorption by -12 kJ/mol and -13 kJ/mole

respectively.

Co’*-ZSM-5 Ni’*-ZSM-5

o1 | LA A 1f,&’3

A
H1d="H2 ?

a site

B site

y site

v S °‘,
AE =17 | AE =-27

Figure 4.36 Optimized geometries, distances (A) and energies (kJ/mol) of the H>
adsorption on Co?* and Ni?* cations located at a, p and 7y -sites in Co?*-ZSM-5 and
Ni?*-ZSM-5 using periodic DFT models. (Si: yellow, Al: light blue, Co: dark blue,
Ni: gray, O: red, H:pink)

The H2 binds side on to the metal cation primarily via donation of its two ¢ electrons
to a vacant d orbital [192]. Extaframework cations on zeolites have an activation for
7 bonds and also ¢ bonds of the Hz. There could be three main factors affect the
hydrogen activation with cations: ¢ donation from Hz molecule to the cation, © back
donation from the cation to H2 molecule and Hzmolecule interaction with framework
oxygen. Moreover, low coordination number of cations on the framework can

enhance the interaction between framework oxygen and H2[109].

Co—Oframework and Ni—Oframework distances are ~2 A as expected for dehydrated
cations. As given in Table 4.6, the M>*—H lengths are around 1.8 A which show
stronger interaction when compared to van der Waals interaction with an expected

contact distance around 3 A [36].
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H-H bond length shows a slight elongation from the free H-H bond length (0.74 A)
with a bond length around ~0.79 A on the cation sites. In this study, the observed
elongation H-H bond express the filling of the hydrogen antibonding orbital (c”)
through backdonation from the metal d orbitals. In addition, M—H distances that are
around 1.8 A shows the electron donation from Hz bonding (o) orbitals to s-and d-

orbitals of the metal cations strengthening the H>—metal bond.
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Table 4.6 Interatomic distances (A) for Hz2 adsorption on metal cation (Ni?* and Co?*)
containing sites calculated using DFT

Co**ina-1  Co**ina-2 Co*inao-3 Ni**ina-1 Ni**ina-2 Ni*'in 0-3

M-01 2.1549 2.0773 2.0721 2.1471 2.0918 2.0943
M-02 2.0782 2.0635 2.0328 2.0780 1.9939 2.0789
M-03 2.0629 1.9943 2.3533 2.0466 2.0093 2.1976
M-04 2.1612 NA 2.0194 2.1480 NA 2.1098
M - H1 1.9672 1.7578 1.8489 1.8506 1.7916 1.8315
M -H2 1.9822 1.7578 1.8409 1.8581 1.7719 1.8351
H1 - H2 0.7744 0.8000 0.7861 0.7790 0.7951 0.7821

Co*inp-1 Co*inp-2 Co*inB-3 Ni**inp-1 Ni**inp-2 Ni**inp-3

M-01 1.9956 2.1226 NA 1.9946 2.0884 2.1192
M-02 2.1822 2.1691 1.9522 2.0546 2.0553 1.9913
M-03 2.0118 2.0433 1.9417 2.0434 2.0884 2.0733
M-04 2.0258 1.9731 2.1338 2.0450 1.9963 2.0287
M - H1 1.8696 1.8366 1.8701 1.7824 1.7687 1.7904
M - H2 1.8813 1.8589 1.8696 1.8112 1.7974 1.7854
H1 - H2 0.7835 0.7886 0.7888 0.7926 0.7940 0.7905

Co¥iny-1  Co¥iny-2 Co*iny-3 Ni*iny-1 Ni**iny-2 = Ni*iny-3

M - 01 2.0472 1.9745 2.0837 2.0247 1.9978 2.1487
M-02 2.0472 1.9970 1.9998 2.0246 2.0124 1.9967
M-03 2.0337 2.3481 2.3629 2.0179 2.1545 2.1279
M-04 2.0337 2.0165 1.9973 2.0179 2.0108 1.9952
M -H1 1.7972 1.8248 1.8411 1.7717 1.7545 1.7559
M - H2 1.7972 1.8228 1.8489 1.7717 1.7617 1.7545
H1 - H2 0.7940 0.7901 0.7863 0.7925 0.7952 0.7973
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Cluster model DFT study is performed for the sites « and y for the same coordinations
given in Figure 4.37 (optimized structure can be found in Appendix Figure E1 and
Figure E2 for Co?* and Ni?* cations respectively). The calculated heat of adsorption
values for DFT periodic model, DFT cluster model and isosteric heats (-Qst) are
given in Table 4.7. According to the results, the cluster model overestimates -Eads
values for Ni?*-ZSM-5 and underestimates for Co?*-ZSM-5, compared to the
periodic model results. Overall, experimentally calculated -Qst values are in the range
of both periodic and cluster models. Specific to cluster model, Ni?* and Co?* cations
at the y-sites are in the same line with the experimental values. The occupation of y
sites on the samples obtained from DR UV-Vis results (Figure 4.30) support the
observed similarity.

As mentioned before, square planar coordination is the most favorable coordination
for the cations and mainly observed on the sites 8 and y. Moreover, -site existence
is concluded from the Synchrotron powder X-Ray Diffraction experiments for ZSM-
5 samples. DR UV-Vis absorption results show also dominant existence of S sites
with a considerable y occupation for Co?*-ZSM-5 samples (Figure 4.30). Therefore,
it can be expected that the hydrogen adsorption mostly taken place on 8 and y sites
on Co?*-ZSM-5 zeolites.

On the other hand, the absorption bands at 21 000-23 000 cm™ in the DR UV-Vis
spectra (Figure 4.7) is assigned as square-planar coordination of bare Ni?* cation for
Ni2*-ZSM-5. As a parallel result the most favorable optimized geometries for the
cations are found for 8 and y -sites showing square planar coordination. Therefore,
it is expected that the hydrogen adsorption probability on 8 and y -sites is high also
in the Ni%*-ZSM-5 samples.

Additionally, noticeable higher heat of adsorption values (-27— -40 kJ/mol) are
observed for Ni?*-ZSM-5 when compared to Co?*-ZSM-5 (Figure 4.19). Hence, the
higher heat of adsorption values computed for a-site for Ni>*-ZSM-5 could indicate

additional occupation of a-sites for this sample.
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Although there is not a specific computational study for the H: interaction with the
Co?* and Ni?* -exchanged FAU framework, the calculated -15 — -25 kJ/mol heat of
adsorption values for Co?* and Ni?* located in the 6MR window of CHA by DFT
study of Ozbek et al. [193], can be approximated for the Site I’ and Site II in FAU
framework. The calculated initial isosteric heats of Ni?*-US-Y (-23 kJ/mol) and
Co02*-US-Y(-19 kJ/mol) are in the same line with the reported DFT studly.

Table 4.7 Experimental and theoretical (DFT) heat of H2 adsorption values for Co?*-
ZSM-5 and Ni?*-ZSM-5

DFT Cluster Model DFT Periodic Experimental
Gaussian (-Eags kJ/mol) Model (-Qst kd/mol)
(-Eads kd/mol)
Co%*-ZSM-5 Ni?*-ZSM-5  Co?'- Ni2*- Co?*- Ni2*-
ZSM-5 ZSM-5 ZSM-5 ZSM-5
al 7 81 18 24 13-16 24-40
a? 8 10 27 14
a3 9 44 35 32
p1l - - 13 20
p2 - - 27 23
g3 - - 16 21
y1l 4 25 22 12
y2 16 30 17
73 13 30 34 27
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CHAPTER 5

CONCLUSION

To conclude, microporous and mesopore added Ni?*- and Co?*- zeolites were
analyzed for hydrogen storage. The development of zeolitic materials to reach the
targets (5 wt.%, 40 g H2/L) assigned by the Department of Energy (DOE) were aimed
in this study. The zeolites chosen for the study were ZSM-5 and US-Y.

In the first part of the study, the microporous ZSM-5 zeolites were prepared
hydrothermally. In order to overcome pore volume restriction for zeolites, mesopore
addition to ZSM-5 samples was prepared by the soft templating and desilication
method. As an example, the total pore volume of one of the microporous ZSM-5
(0.22 cm®/g) was increased to 0.54 cm®/g by the addition of 0.43 cm®/g mesopore
volume using the desilication method. The US-Y zeolites showed a total pore volume
of around 0.46 cm®/g. Targeted high Ni?* and Co?* content of the zeolites was

successfully obtained by 0.18-0.42 mmol M?*/g zeolite ratios.

In the second part, hydrogen storage experiments at ambient temperature and <10
bar were performed. The isosteric heat of adsorption values (-Qst) were calculated by
using three different isotherms performed at the 293-338 K temperature range up to
10 bar. The heat of adsorption values of Ni?*, Co?*-zeolites were found close to the
assigned optimum heat of adsorption range for 100 bar adsorption and 5 bar
desorption. The similar H2/M?* trends observed on Micro-Ni?*-ZSM-5 and Meso-
Ni2*-ZSM-5 showed that the pore volume effect had not started until 10 bar. In
addition, the Ni?*, Co?*-zeolites showed the same order on both H2/M?* and isosteric
heats that claimed hydrogen was mainly adsorbed on extraframework cation sites.

Consequently, Ni%*-zeolites showed higher heat of adsorption values (-Qs=23—40
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kJ/mol) than Co?*-zeolites (-Qst=15-19 kJ/mol), hence Ni?*-zeolites showed higher
gravimetric capacity.

High pressure experiments were performed at 298 K and < 50 bar in the third part of
the study. The high Hz/M?* ratios (614 H2/M?*) at 50 bar showed that the hydrogen
was adsorbed on pore surfaces as well as cation centers. Ni%*-,Co?*-ZSM-5 samples
showed higher volumetric capacity than Ni?*-,Co?*-US-Y because of the advantage
of the smaller cage size of ZSM-5 (5.4 x 5.6 A) when compared to US-Y (14.1 x
15.6 A). Smaller cages were known to increase the Van der Waals interactions.
Although large cage size and possible inaccessible sites decreased the H2 storage
capacity of US-Y at 50 bar, they were predicted to be promising materials for higher
pressure storage (100 bar) due to high pore volumes (0.49 cm®/g) and high surface
area (~1000 m?/g). 20 g H2/L volumetric capacity, which was obtained on Meso-
Na*,Ni?*-ZSM-5 at 298 K and 50 bar, was a promising result for achieving the 40 g
H2/L set by DOE for 100 bar pressure storage. As an important parameter to evaluate
materials for hydrogen storage, the Ni?*-, Co?*-zeolites showed reversibility except
for Ni?*-US-Y. High volumetric capacity along with reversible storage on ZSM-5
makes them highly promising materials for hydrogen storage for ambient

temperature storage.

In order to observe the ultimate storage capacity of the zeolites, 77 K experiments
were performed up to 1 bar. According to the Sips isotherm model results, US-Y
showed promising results because of its high surface area and pore volume.
Therefore, US-Y may also be appropriate material for lower temperature storage in
addition to higher Hz adsorption pressure storage (~100 bar). Also, according to the
same experiment, mesopore addition on ZSM-5 showed improvement under
specified conditions. However, these improvements couldnot be observed at 298 K.
This is due to the fact that at pressures lower than 50 bar, micropores showed higher
surface interaction with hydrogen, which was the dominant phenomenon. The effect
of mesopores starts to become significant after the micropores are fully filled which

can be observed at higher pressures (~100 bar) or at low temperature adsorption.
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According to the DR UV-Vis study, B-site occupation was dominant in both Micro-
C0%*-ZSM-5 (52%) and Meso-Co?*-ZSM-5 (47%), whereas Na* content in Meso-
Na*,Co?*-ZSM-5 resulted in higher occupation for o sites (49%). Ni%*-zeolites
showed mostly square planar coordination on the framework. The cation locations
in the Ni%"-, Co?*-zeolites were also analyzed by synchrotron powder X-ray
Diffraction. The refined cation sites were close to the g sites on ZSM-5 similar to
the obtained high occupation of £ sites from DR UV-Vis. Three different cation sites
(I, I’, and 111) were found for Ni?*-, Co?*-US-Y with a high occupation (~ 70 % )
around Site 111, which was an accessible site for H2 molecules.

From periodic Density Functional Theory study, it was concluded that the g and y -
sites in the 6MR with 2Al atoms coordinated in the opposite sites (Al-O-Si-O-Si-O-
Al) were the most favorable sites for Co?*- and Ni?* cations, which showed square
planar coordination. As a result of DR UV-Vis, Synchrotron powder X-Ray
Diffraction, and density functional theory (DFT) studies, it was concluded that
hydrogen adsorption mostly taken place on £ and y sites on Co?*-ZSM-5 and Ni?*-
ZSM-5 zeolites. Moreover, hydrogen adsorption on a site can be estimated for Ni%*-
ZSM-5 samples because of showing moderately high heat of adsorption values (-
Qst=24-40 kJ/mol) that were close to theoretically calculated o site heat of adsorption
values. Periodic and cluster DFT models predicted the heat of adsorption values in
agreement with the experimentally calculated isosteric heat of adsorption (-Qst)

values.
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APPENDICES

A. Ho/M?%* Calculation

Ni2*-US-Y Sample Calculation

Si/Al 5
Ni/Al 0.13
SiO2 Molecular Weight 60.1
AlO2 Molecular Weight 59
Ni Molecular Weight 58.7

zeotite _ E * Si0, Molecular Weight + AlO, Molecular Weight + E
mol Al Al Al
* Ni Molecular Weight = 367 moglAl
mol Al
= 0.0027
Yzeolite
mol Ni** mol Al mol Ni?**
= * = 0.00035
g zeolite  ggeoiite Mol Al
molH,  molH, gzeolite

mol Ni2+ g zeolite "ol Niz*
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Table Al. H2/Ni?* Results of Ni?*-US-Y up to 10 bar

Pressure(bar) | Adsorbed amount mol H,
(mol Ha/g zeolite) | Mol Nz
0.00 0.00000 0.00
0.66 0.00004 0.10
1.27 0.00006 0.16
1.80 0.00008 0.23
2.40 0.00012 0.33
2.87 0.00014 0.39
3.36 0.00016 0.46
3.85 0.00018 0.51
4.35 0.00020 0.57
4.84 0.00023 0.64
5.34 0.00025 0.72
5.90 0.00027 0.77
6.42 0.00030 0.85
6.89 0.00033 0.93
7.36 0.00035 1.00
7.84 0.00037 1.05
8.33 0.00041 1.15
8.82 0.00043 1.21
9.32 0.00046 1.30
9.82 0.00048 1.36
10.33 0.00052 1.46
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B. Hydrogen Uptake Isotherms
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Figure B.1 Hydrogen adsorption isotherms at different temperatures for samples a)
Meso-Ni?*-ZSM-5 b) Meso-Co?*-ZSM-5 ¢) Micro-Ni?*-ZSM-5 d) Micro-Co?*-
ZSM-5, e) Co?*-US-Y, f) Ni**-US-Y g) NH4*-ZSM-5(111)-DES h) NH4*-ZSM-5(111)
j) NH4*-US-Y
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Micro-Ni*"-ZSM-5 Isotherm Fittings and Isosteric Heat Results

2 .
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Figure B2. Adsorption isosteric method- Van’t Hoff plots of Micro-Ni?*-ZSM-5

Table B1. Data used to obtain isosteric heat of adsorption of Micro-Ni**-ZSM-5
between the temperatures 290 K and 318 K.

Adsorbed Amount(umol) InPagk InP3pek InP3isk  -Qst(kJ/mol)  R?

19 -1 -0.6 0.02 27.29 0.9537
36 -0.3 0.06 0.49 22.88 0.9851
57 0.11 0.52 0.96 23.09 0.9837
77 0.41 0.82 1.20 21.62 0.9923
102 0.69 1.10 1.56 23.65 0.98

119 0.85 1.25 1.81 26.14 0.9622
141 1.02 1.42 1.87 23.15 0.9833
163 1.16 1.57 2.07 24.72 0.9726
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C. DR UV-Vis spectra Results
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Figure C.1 DR UV-Vis spectra of a) Micro-Co?*-ZSM-5 b) Meso-Co?*-ZSM-5 c)
Meso-Na*,Co?*-ZSM d) Co?*-US-Y e) Meso-Ni?*-ZSM-5 f) Micro-Ni?*-ZSM-5 g)
Ni?*-US-Y
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D. Synchrotron XRD Refinements

Table D1. Atomic Parameters

from Rietveld

refinement of Co-US-Y
(CosAl3s.4Si1s360384) data [SESAME, 1D09 MS] (Cubic, Fd3m, Goodness of fit
parameters WRp = 10.68% at 25°C, A= 1.03365 A, a=24.3290(2) A, V = 14400.3(4)
A3, (Values in parentheses indicate one standard deviation in the prior digit.)

X y z Occupancy Ui (A2)  Multiplicity
Si -0.0545(1)  0.1250(1)  0.0357(1) 0.834 0.0206 192
Al -0.0545(1)  0.1250(1)  0.0357(1) 0.166 0.0206 192
0Ol 0.0000 -0.1068(2) 0.1068(2) 1 0.0148 96
02 -0.0032(2) -0.0032(2) 0.1402(3) 1 0.0313 96
03 0.0751(2) 0.0751(2) -0.0355(3) 1 0.0463 96
04 0.0717(2)  0.0717(2)  0.3200(3) 1 0.0539 96
Col 0.105(2) 0.105(2) 0.105(2) 0.058(3) 0.1984 32
Co2 0.139(3) 0.267(2) 0.483(2) 0.047(4) 0.2578 96
O5/H,0O 0.2500 0.2500 0.5000 0.60(4) 0.4681 16
06/H,0 0.099(2) 0.099(2) 0.498(1) 0.43(1) 0.8125 96
+ obs
400000 - —HHE
—— bkg
—  diff
300000 - I Co-USY
2
@ 200000 -
2
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3 o ey S — -
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20
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Figure D1. Synchrotron powder X-ray diffraction data (. = 1.03365 A) collected for
Co-US-Y at 25 °C. Plus signs, green line, red line and blue line represent the
experimental and calculated diffraction patterns, background and the difference
between the experimental and calculated patterns. wRp = 10.68%

Table D2. Atomic Parameters from Rietveld
(Nis2Al32Si1600384) data [SESAME, ID09 MS] (Cubic, Fd3m, Goodness of fit
parameters WRp = 11.59% at 25 °C, A=1.03365 A, a=24.3474(3) A, V = 14433.0(5)
A3, (Values in parentheses indicate one standard deviation in the prior digit.)

refinement

of Ni-US-Y

X y z Occupancy  Uiso (A2)  Multiplicity

Si -0.0545(1)  0.1252(1)  0.0359(1) 0.834 0.0143 192
Al -0.0545(1)  0.1252(1)  0.0359(1) 0.166 0.0143 192
01 0.0000 -0.1065(2)  0.1065(2) 1 0.0087 96
02 -0.0028(2) -0.0028(2)  0.1399(2) 1 0.0122 96
03 0.0759(2) 0.0759(2) -0.0361(3) 1 0.0342 96
04 0.0713(2) 0.0713(2) 0.3205(3) 1 0.0568 96
Nil 0.111(3) 0.111(3) 0.111(3) 0.026(2) 0.0817 32
Ni2 0.011(7) 0.363(9) 0.011(7) 0.025(6) 0.2405 96
O5/H,0O 0.2500 0.2500 0.5000 0.59(3) 0.3358 16
0O6/H,0O 0.094(1) 0.094(1) 0.495(1) 0.56(2) 0.4414 96
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Figure D2. Synchrotron powder X-ray diffraction data (A = 1.03365 A) collected for
Ni-US-Y at 25 °C. Plus signs, green line, red line and blue line represent the
experimental and calculated diffraction patterns, background and the difference
between the experimental and calculated patterns. wRp = 11.59%
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Table D3. Atomic Parameters from Rietveld refinement of Co-ZSM-5 (Couis?
Als.36Si91.640192) data [SESAME, ID09 MS] (Orthorhombic, Pnma, Goodness of fit
parameters WRp = 9.86% at 25 °C, A= 1.03365 A, a =20.0182(4) A, b= 19.8931(5)
A, c=13.3790(3) A, V =5327.9(2) A3. (Values in parentheses indicate one standard
deviation in the prior digit.)

X y z Occupancy Ui, (A2)  Multiplicity
Sil 0.4196(9)  0.0555(8) -0.321(1) 1 0.0229 8
Si2 0.305(1)  0.0295(7)  -0.170(1) 1 0.0532 8
Si3 0.2816(9)  0.0587(8)  0.033(1) 1 0.0637 8
Si4 0.1217(8)  0.0637(8)  0.029(1) 1 0.0156 8
Sis 0.074(1)  0.0381(8) -0.185(1) 1 0.0730 8
Si6 0.195(1)  0.0626(9) -0.334(1) 1 0.0559 8
Si7 0.423(1)  -0.1736(8) -0.325(1) 1 0.0320 8
Si8 0.3125(9) -0.1319(7) -0.180(1) 1 0.0269 8
Si9 0.276(1)  -0.182(1)  0.036(2) 1 0.2089 8
Sil0 0.116(1)  -0.1711(5)  0.035(1) 1 0.0488 8
Sill 0.0653(9) -0.1219(8) -0.179(1) 1 0.0451 8
Sil2 0.1870(8) -0.1704(6) -0.308(1) 1 0.0278 8
0O1 0.377(1) 0.044(2)  -0.219(2) 1 0.0491 8
02 0.320(1) 0.073(1)  -0.071(1) 1 0.0010 8
03 0.2013(8)  0.049(2) 0.034(2) 1 0.1093 8
04 0.096(1) 0.077(1)  -0.084(1) 1 0.0136 8
05 0.127(2) 0.059(3)  -0.270(3) 1 0.2963 8
06 0.248(1) 0.057(2)  -0.243(2) 1 0.0119 8
07 0.381(1)  -0.162(2)  -0.223(2) 1 0.1474 8
08 0.310(2)  -0.153(2)  -0.064(2) 1 0.1402 8
09 0.197(1)  -0.165(1)  0.038(2) 1 0.0474 8
010 0.090(2)  -0.160(1)  -0.079(2) 1 0.0809 8
011 0.118(1)  -0.142(2)  -0.265(2) 1 0.1030 8
012 0.250(1)  -0.166(1)  -0.236(2) 1 0.0083 8
013 0.299(2)  -0.0516(7) -0.175(2) 1 0.0628 8
014 0.081(1)  -0.0422(8) -0.169(2) 1 0.0334 8
o15 0.412(2) 0.130(1)  -0.371(2) 1 0.0704 8
016 0.405(2)  -0.001(1) -0.404(2) 1 0.0453 8
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Figure D3. Synchrotron powder X-ray diffraction data (A = 1.03365 A) collected for
Co-ZSM-5 at 25 °C. Plus signs, green line, red line and blue line represent the
experimental and calculated diffraction patterns, background and the difference
between the experimental and calculated patterns. wRp = 9.86%
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Table D4. Atomic Parameters from Rietveld refinement of Ni-ZSM-5
(Ni1.31Al4.36S191.640192) data [SESAME, ID09 MS] (Orthorhombic, Pnma, Goodness
of fit parameters WRp = 9.58% at 25 °C, A = 1.03365 A, a = 20.0417(5) A, b =
19.8769(6) A, ¢ = 13.3810(4) A, V =5330.6(2) A3. (Values in parentheses indicate
one standard deviation in the prior digit.)

X y z Occupancy Ui, (A2)  Multiplicity
Sil 0.417(1)  0.054(1)  -0.314(2) 1 0.023 8
Si2 0.305(1)  0.023(8)  -0.164(2) 1 0.030 8
Si3 0.282(2)  0.064(1)  0.035(2) 1 0.094 8
Si4 0.122(2)  0.063(1)  0.034(2) 1 0.065 8
Si5 0.074(1)  0.0403(9) -0.177(2) 1 0.045 8
Si6 0.195(1)  0.059(1)  -0.328(2) 1 0.057 8
Si7 0.425(1)  -0.175(1)  -0.318(2) 1 0.050 8
Si8 0.312(1)  -0.1385(8) -0.165(1) 1 0.010 8
Si9 0.277(1)  -0.183(2)  0.053(2) 1 0.297 8
Si10 0.115(1)  -0.1692(9)  0.034(2) 1 0.028 8
Sill 0.065(1)  -0.1230(8)  -0.179(1) 1 0.009 8
Sil12 0.191(1)  -0.171(1)  -0.307(2) 1 0.056 8
01 0.376(2)  0.0452)  -0.211(2) 1 0.049 8
02 0.309(2)  0.078(1)  -0.077(2) 1 0.040 8
03 0.202(2)  0.0492)  0.037(3) 1 0.081 8
04 0.096(2)  0.081(2)  -0.078(2) 1 0.057 8
05 0.125(2)  0.0493)  -0.270(3) 1 0.060 8
06 0.250(2)  0.054(3)  -0.240(3) 1 0.104 8
07 0.379(1)  -0.166(2)  -0.220(3) 1 0.012 8
08 0.313(2)  -0.155(2)  -0.047(1) 1 0.040 8
09 0.197(1)  -0.173(2)  0.043(2) 1 0.040 8
010 0.088(2)  -0.165(2)  -0.081(2) 1 0.015 8
ol11 0.123(1)  -0.154(2)  -0.249(3) 1 0.040 8
012 0.257(2)  -0.141(2)  -0.253(3) 1 0.040 8
013 0.297(2)  -0.0582(8) -0.161(2) 1 0.031 8
014 0.071(2)  -0.0415(8) -0.179(3) 1 0.004 8
015 0.4102)  0.1252)  -0.371(2) 1 0.040 8
016 0.392(2)  0.0042)  -0.402(2) 1 0.005 8
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Figure D4. Synchrotron powder X-ray diffraction data (A = 1.03365 A) collected for
Ni-ZSM-5 at 25 °C. Plus signs, green line, red line and blue line represent the

experimental and calculated diffraction patterns, background and the difference
between the experimental and calculated patterns. wRp = 9.58%
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Table D5. Atomic Parameters from Rietveld refinement of Meso-Co-ZSM-5
(Co2.04Al4.17Si91.830192) data [SESAME, ID09 MS] (Orthorhombic, Pnma,
Goodness of fit parameters WRp = 10.47% at 25 °C, L = 1.03365 A, a = 20.1091(4)
A, b=19.9669(5) A, c = 13.4229(4) A, V = 5389.5(2) A%. (Values in parentheses
indicate one standard deviation in the prior digit.)

X y z Occupancy Uis (A2)  Multiplicity
Sil 0.418(1) 0.064(1)  -0.319(2) 1 0.0416 8
Si2 0.311(2)  0.0228(9) -0.173(2) 1 0.0445 8
Si3 0.279(2) 0.054(1) 0.030(2) 1 0.1712 8
Si4 0.118(2) 0.053(2) 0.036(2) 1 0.1693 8
Si5 0.069(1) 0.034(1)  -0.182(2) 1 0.0405 8
Si6 0.196(2) 0.054(1)  -0.322(2) 1 0.0521 8
Si7 0.426(2) -0.1704(6) -0.328(2) 1 0.0337 8
Si8 0.314(1)  -0.1390(9) -0.175(2) 1 0.0036 8
Si9 0.276(1)  -0.176(1)  0.040(2) 1 0.1833 8
Silo 0.119(1)  -0.1707(5)  0.036(2) 1 0.0275 8
Sill 0.072(2)  -0.129(1)  -0.176(2) 1 0.0371 8
Sil2 0.193(1) -0.1714(8) -0.317(2) 1 0.0521 8
(0] 0.381(2) 0.052(2)  -0.214(2) 1 0.0490 8
02 0.307(2) 0.073(1)  -0.080(2) 1 0.0402 8
03 0.199(2) 0.048(3) 0.037(3) 1 0.1645 8
04 0.095(2) 0.064(2)  -0.078(2) 1 0.0437 8
o5 0.128(1) 0.055(2)  -0.258(3) 1 0.0437 8
06 0.248(2) 0.055(2)  -0.229(3) 1 0.0944 8
07 0.384(1)  -0.161(2)  -0.226(2) 1 0.0037 8
08 0.315(2)  -0.147(2)  -0.056(2) 1 0.0016 8
09 0.198(1)  -0.159(3)  0.025(5) 1 0.6159 8
010 0.098(2)  -0.171(2)  -0.081(2) 1 0.1298 8
011 0.127(1)  -0.155(2)  -0.255(2) 1 0.0480 8
012 0.258(2)  -0.142(2)  -0.260(3) 1 0.0600 8
013 0.302(3) -0.0583(9) -0.172(3) 1 0.1921 8
014 0.070(2)  -0.048(1) -0.182(3) 1 0.0211 8
015 0.412(2) 0.140(1)  -0.363(2) 1 0.0011 8
016 0.399(2) 0.019(2)  -0.415(3) 1 0.0303 8
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Figure D5. Synchrotron powder X-ray diffraction data (A = 1.03365 A) collected for
Meso-Co-ZSM-5 at 25 °C. Plus signs, green line, red line and blue line represent the
experimental and calculated diffraction patterns, background and the difference
between the experimental and calculated patterns. wRp = 10.47%
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Table D6. Atomic Parameters from Rietveld refinement of Meso-Ni-ZSM-5
(Ni1.83Al4.17S191.830192) data [SESAME, ID09 MS] (Orthorhombic, Pnma, Goodness
of fit parameters WRp = 10.10% at 25 °C, A = 1.03365 A, a = 20.0331(5) A, b =
19.8821(6) A, ¢ = 13.3769(5) A, V = 5328.0(2) A3. (Values in parentheses indicate
one standard deviation in the prior digit.)

X y z Occupancy Ui (A?)  Multiplicity

Sil 04192)  00552) -0312(2) 1 0.0328 8
Si2 030822)  0.026(1)  -0.166(2) 1 0.0358 8
Si3 0278(2)  0.0552)  0.040(2) 1 0.1177 8
Si4 01182  0.056(2)  0.041(3) 1 0.0869 8
Si5 0.0702)  0.038(1)  -0.177(3) 1 0.0353 8
Si6 0.1922)  0.057(2) -0.319(2) 1 0.0750 8
Si7  04232)  -0.171(1)  -0.322(2) 1 0.0431 8
Si8 03112)  -0.137(1)  -0.162(2) 1 0.0105 8
Si9 02742) -0.1742)  0.058(3) 1 0.2642 8
Si10 0.1142)  -0.173(1)  0.038(2) 1 0.0200 8
Sill 00712 -0.125(1)  -0.179(2) 1 0.0166 8
Sil2 0.1952)  -0.172(1)  -0.307(2) 1 0.0523 8
ol 0380(2)  0.052(3)  -0.207(3) 1 0.0400 8
02 03093)  0.0742)  -0.069(3) 1 0.0400 8
03 0.1982)  0.046(3)  0.040(4) 1 0.1503 8
04 0.0982) 0.071(2)  -0.075(3) 1 0.0456 8
05 0.1292)  0.068(3)  -0.245(4) 1 0.0815 8
06 0246(2)  0.057(3)  -0.228(4) 1 0.1153 8
07 0376(2)  -0.161(2)  -0.225(3) 1 0.0262 8
08 03123)  -0.1522)  -0.043(2) 1 0.0296 8
09 0.1952) -0.1752)  0.034(3) 1 0.0884 8
010  0.0913) -0.1642) -0.077(2) 1 0.0428 8
Ol1  0.1242) -0.1492) -0.262(3) 1 0.0008 8
012 02612) -0.141(3) -0.256(3) 1 0.0360 8
013 03053) -0.055(1) -0.160(3) 1 0.0421 8
Ol4  0077Q2) -0.043(1) -0.179(3) 1 0.0038 8
015  04133)  0.1252) -0.374(3) 1 0.0420

016  0399(4) 0.0183) -0.415(3) 1 0.0125 8
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Figure D6. Synchrotron powder X-ray diffraction data (A = 1.03365 A) collected for
Meso-Ni-ZSM-5 at 25 °C. Plus signs, green line, red line and blue line represent the
experimental and calculated diffraction patterns, background and the difference
between the experimental and calculated patterns. wRp = 10.10%
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E. DFT Cluster Model Optimized Geometries
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Figure E1. Optimized geometries and energies (kJ/mol) of the Hz adsorption on Co?*
cations located at a and y -sites in Co?*-ZSM-5 using cluster model. Color code: Si:
grey, Co: blue, Al: pink, O: red, H: white
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Figure E2. Optimized geometries and energies (kJ/mol) of the Hz adsorption on Ni?*
cations located at  and y -sites in Ni?*-ZSM-5 using cluster model. Color code: Si:
grey, Ni: blue, Al: pink, O: red, H: white
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