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AN ABSTRACT OF THE THESIS OF

Rita Francis Zakhia Douaihy  for Master of Science
Major: Chemistry

Title: Controlled Synthesis and Size Distribution of Zeolitic Imidazolate Framework
Crystals via the Reaction-Diffusion Framework

Zeolitic imidazolate frameworks (ZIFs), a subclass of metal-organic frameworks
(MOFs), have been recently employed in various fields such as gas separation, catalysis,
water purification and drug delivery. Their high importance is due to their chemical and
thermal stability in addition to the flexibility of their design. Several routes of synthesis
were employed to produce these materials. In this thesis, we investigate a new synthesis
method where ZIF crystals are produced using the reaction-diffusion framework (RDF)
in a hydrogel medium at room temperature. The method is based on the diffusion of an
outer solution of the organic linker or mixed linkers into an agar gel containing the inner
metal ions Zn (II) where a precipitation reaction takes place leading to the formation of
the ZIF crystals. Remarkably, the nonlinear coupling between reaction and diffusion with
the nucleation and growth of the crystals results for many ZIF systems in the formation
of Liesegang bands with direct spacing. This banding can be further exploited to control
the crystal size distribution of the ZIFs along the tubular reactor. The ZIF-8 and ZIF-7
particles are then collected and fully characterized using powder x-ray diffraction
(PXRD), scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and
Brunauer-Emmett-Teller (BET) analysis. Moreover, the scaling laws of these specific
Liesegang system are determined, and their effect on the crystal size distribution is
studied. The effect of different parameters such as the concentrations of the reactants, the
gel thickness, and the temperature is investigated. Furthermore, cobalt-doped ZIF-8
(CoxZnix(HmIm), HmIm = 2-methylimidazole) is successfully synthesized using the
same framework starting with an initial ionic mixture of Zn (II) and Co (II) in the gel at
a fixed composition and HmIm as the outer linker. This system also exhibits periodic
precipitation concomitant with variable cobalt-doping percentages among the Liesegang
bands.
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CHAPTER I

INTRODUCTION

A. Zeolitic imidazolate frameworks (ZIFs)

1. Historical background

For a long time, porous materials have been applied in different fields due to
their intrinsic properties such as high surface areas, large pore volumes and tunable pore
sizes [1]. During the last decades, a new class of porous materials has been introduced
under the name of metal-organic frameworks (MOFs) by Yaghi et al. [2, 3]. MOFs,
assembled from metal ions (e.g. zinc, cobalt and copper) and organic linkers (e.g. 1,4-
Benzenedicarboxylic acid (BDC), 1,3,5-Benzenetricarboxylic acid (BTC) and 1,3,5-
Tris(4-carboxyphenyl)benzene (BTB) , are rapidly developed due to their high
versatility [4, 5] which is attributed to the wide range of starting materials (organic
linkers and metal ions) from which they can be synthesized. This was achieved by
applying the concept of the secondary building units (SBUs) which have well-defined
geometries. The wide variety of possible topologies of MOFs are due to the linkage of

SBUs (organic and inorganic) of different geometries via strong bonds (Figure 1) [6-9].
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Figure 1:Different lattice structures (middle) with their inorganic SBUs (left) and the
organic linkers (right) used in the synthesis of different Metal-Organic frameworks.
Reprinted with the permission of ref [9]. Published by Science.

Among these hybrid inorganic-organic materials, zeolitic structures were
introduced by Yaghi et al. as a subclass of MOFs [10-13]. Zeolitic imidazolate
frameworks (ZIFs) adopt a similar linkage to that of the aluminosilicate zeolites. The
metal centers (M?") are tetrahedrally coordinated to the imidazolate anions forming an
angle of 145 ° similar to the angle between the silicon and oxygen in zeolites [10]. Most

of the metal centers are transition metals (e.g. zinc, cobalt and copper) with an empty d

orbital receiving an electron from the organic linkers to establish the coordination bond



[14]. ZIFs tend to form new structures, in addition to the traditional zeolite ones [15].

The various representative ZIFs structures are shown in Figure 2 [12].

Figure 2: Crystal structure of various topologies of Zeolitic Imidazolate frameworks
(ZIFs). The blue and the pink tetrahedra correspond to the metal ion whereas the
yellow spheres are attributed to the space in the cage. Reprinted with permission from
ref.[11]. Copyright 2009 American Chemical Society.

Since ZIFs possess the structural characteristics of both zeolites and MOFs,
they display combined advanced properties such as ultra-high surface areas [10],
exceptional thermal [10, 16, 17] and chemical [10, 17] stabilities, high crystallinity [10]

and abundant functionalities. These properties render ZIFs particles an exceptional use



in different fields including catalysis [16], separation [18], gas storage [19] and drug

delivery [20].

Moreover, the importance of ZIFs is not only attributed to their high surface
area, but also to the diversity of metal ions and organic linkers that could be used in the
synthesis process (Figure 3) [12]. This diversity leads to a wide family of ZIFs having

different structures with adapted properties implied in different applications.
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Figure 3: Chemical structure of different organic linkers used in the synthesis of ZIFs.
Reprinted with permission from ref.[11]. Copyright 2009 American Chemical Society.
In some cases, mixed metal ions or mixed organic linkers are incorporated

together to form new materials with enhanced properties [21, 22]. A prominent example
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of mixed metal system is the Co-doped ZIF-8, where zinc ions are mixed with cobalt
ions in the presence of 2-methylimidazole as the organic linker [23]. Recently, it is
shown that when doped with cobalt ions, ZIF-8 has improved photocatalytic properties
towards the degradation of methylene blue [24]. On the other hand, the use of mixed
organic linkers in synthesizing these materials increased the selectivity towards gas
separation. ZIF-70 formed of a mixture of imidazole and nitro-imidazole is a

conspicuous example of this selectivity [11].

2. Synthesis techniques of ZIFs

Various techniques were traditionally used to synthesize ZIFs. The synthesis
reactions can occur in water or organic solvents where the temperature varies from
room temperature up to 200 °C at a time scale from hours to days [23, 25, 26]. These
synthesis techniques lead to the formation of powdered ZIFs, after separation from the
reaction mixture and the removal of the solvents. Recently, membranes and films of
ZIFs are synthesized due to their high importance in some applications, such as gas

separation and chemical sensors.

a. Solvothermal Synthesis

Conventionally, ZIF particles were synthesized via the solvothermal technique
where the appropriate organic solvent forms the reaction medium. This technique is
based on dissolving the organic linker with the metal salt in the appropriate solvent at
high temperatures. In some cases, some organic amines are added to the medium. Their
role is to induce the deprotonation of the linker and facilitate its coordination to the

metal ions [27, 28]. The first ZIFs (termed as ZIF-1 to ZIF-12) were synthesized by



Yaghi et al. in different organic solvents such as N,N-dimethylformamide (DMF), N,N-
diethylformamide (DEF) and N- methylpyrrolidone (NMP) [10]. By changing the

solvent, different particle sizes can be obtained, in addition to the improvement of some
of their properties. For example, ZIF-8 particles synthesized in the presence of methanol

at high temperature have smaller size and higher surface area than the ones obtained

with DMF [26].

b. Hydrothermal Synthesis

Since organic solvents are expensive and not environmentally friendly, their
use has been reduced or completely avoided. The solvothermal method was then
replaced by the hydrothermal method. The metal ion and the ligand are dissolved in
aqueous solutions in different molar ratios. This technique was first based on mixing
the two solutions in an autoclave at high temperature and pressure [25]. Recently,
water-based systems at room temperature have been implemented in the synthesis of

different ZIFs particles [27, 29].

c. Sonochemical Synthesis

In the sonochemical technique, an ultrasound-molecules interaction is coupled
to a cavitation process, in which an interaction between the liquid and the high-energy
ultrasound is generated [30]. This will lead to the formation of different pressure areas
in the liquid. In the collapsed areas, bubbles known as acoustic cavitation are formed to
generate high local temperature and pressure [31]. Compared to the conventional
heating for ZIFs preparations, the sonochemical synthesis allows the promotion of

nucleation and its dispersion homogeneously [32]. As a result, crystals obtained are



smaller with narrower particle size distribution than the conventionally synthesized

materials [26, 33, 34].

d. Mechanochemical Synthesis

This technique is based on grinding the metal salt in the presence of an excess
amount of the organic linker [35]. The product is obtained by breaking the
intramolecular bonds under mechanical forces, followed by a chemical reaction [36].
Recently, mechanochemical technique is replacing other synthesis routes due to their
significant potential as a green and efficient strategy for the construction of materials
[37]. The synthesis of ZIFs mechanochemically is limited by the use of oxide-based
precursors. Beldon et al. modified this technique to a so-called liquid-assisted grinding
(LAG) or ion- and liquid-assisted grinding (ILAG) to produce ZIFs from a
stoichiometric molar ratio (1:2) of ZnO and ligand, such as imidazole, 2-
methylimidazole and 2-ethylimidazole at room temperature [38, 39]. They were also
able to control its topology by changing the grinding solvents and the salt additives.
Moreover, apart from the crystalline ZIFs, amorphous ZIFs can be obtained by ball
milling too. Cheetham et al. were able to synthesize various amorphous ZIFs by

grinding the starting materials [40-42].

e. Dry-gel Conversion (DGC)

In this method, a hydrogel containing all sources is converted to a crystalline
microporous medium [43]. The DGC has potential advantages including the reduced
reactor size, the use of non-organic solvents and the possibility of continuous

production [44]. Moreover, shape-controlled porous materials can be obtained from



preshaped gel[45]. Shi et al. first applied this technique in the synthesis of ZIF-8 and
ZIF-67 in aqueous solution without using any additives. This method differs from other
solvothermal syntheses by having a high concentration of the solid phase and an

obvious separation of the solid and the liquid phase [46].

f. Ionothermal Synthesis

The ionothermal technique is a new synthesis strategy that has been recently
developed to generate ZIF materials [47-49]. It is based on the use of green solvents
such as ionic liquids and eutectic mixtures[50]. Ionic liquids are used of their negligible
vapor pressure, non-flammability and recyclability [48, 51]. For instance, the reaction
occurring via this technique can be performed in open systems. The advantage of using
ionic liquids resides in their functionalities that differ from the usual hydrothermal
strategies. They act as solvents, charge compensating species and structure directing
agents[50]. For example, Martins et a/. used the ionic liquid 1-ethyl-3-
methylimidazolium bis-(trifluoromethyl)sulfonylimide in the synthesis of four different
ZIFs [48] whereas Yang et al. applied the 1-butyl-3-methyl-imidazolium

tetrafluoroborate to produce ZIF-8 particles [49].

g. Microfluidic Synthesis

ZIFs can also be synthesized using a microfluidic method where both the
immiscible liquids of the organic linker and the metal ions are injected to a T-junction
syringe pumps. Herein, aqueous solution droplets are formed in continuous organic
phase. The capsule of the ZIF is formed at the liquid-liquid interface simultaneously as

the droplets pass through a hydrophobic tubing. The flow rates of both solutions are



independent and can be adjusted separately. It is noteworthy that this technique is very

useful to develop nanosized ZIF particles [52-54].

3. Applications of ZIFs

The intrinsic properties of ZIFs, such as mimicking the structure of zeolites and
porous materials, adjustable functionalities and excellent textural properties, allow ZIF
materials to be an important class of crystalline porous materials with versatile
applications. Despite their similarities with MOFs, ZIFs tend to be more applied in the
process of carbon capturing. This is due to their high thermal and chemical stability
allowing their application on wide range of temperature [55]. Moreover, the use of ZIFs
ranges from the conventional techniques including adsorption of dyes and contaminants
in water [56], gas separation [18] and catalysis [16] to sensing electronic devices and
drug delivery [20]. In this section, we will describe briefly the most important

applications of ZIFs.

a. Gas separation

Recently, gas separation is being widely investigated with the increase of the
global issues such as natural gas purification, and carbon dioxide capture. Thus,
developing a green and energy-efficient method to realize gas separation became
urgent. Being a novel class of highly porous materials with similarities to zeolites and
other porous materials, ZIFs are considered good candidates in gas separation process.
Therefore, ZIF membranes are used in various gas separation applications. Some of
these applications are summarized in Table 1. It is clearly shown that ZIFs are widely

used in the separation of hydrogen and carbon dioxide. The separation process is



controlled by different structural parameters. Thus, the selectivity can be improved by
altering the pore size and functionalities. For example, Li et a/. succeeded in
synthesizing a ZIF-7 membrane highly selective for hydrogen gas. In fact, the pore size
of ZIF-7 (0.3 nm) is between the molecule size of H> (0.29 nm) and CO; (0.33 nm) [57,
58]. In addition, ZIF-8 is considered another important candidate for separating
hydrogen molecules from other big molecules [59]. This goes back to the pore size and
its hydrophobic nature. Bux et al. were able to register a selectivity of a factor of 11.2,
higher than the separation by any other porous material [60]. In addition, ZIF-8 is used
in the separation of C2-C3 hydrocarbon mixtures such as ethane/propane,
ethylene/propylene, ethylene/propane and propylene/propane [61-64].

Table 1: List of Zeolitic imidazolate frameworks used in the separation of gases from
mixtures.

Material Gas mixture
ZIF-7 H>/CO,, Hao/N2, H2/CHa [57, 65]
ZIF-8 H>/CO,, Ha/N2, H2/CHa [66, 67]
Z1F-8 C>Hs/CsHs, CoH4/C3He, CoHa/CsHsg
[62]
ZIF-78 H,/CO,[68]
ZIF-9 and hybrid ZIF-67 H,/CO,[69]
ZIF-69 CO2/N,, CO,/CO, CO»/CH4 [70]
ZIF-95 H,/CO,[71]

b. Adsorption

ZIF materials have been widely employed as adsorbent for water purification.
Among the large family of ZIFs used for this purpose, ZIF-8 remains the most used one

since it showed high selectivity towards different ions and water contaminants, such as
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the arsenic and the p-arsenate [72-74], chromium (VI) ions [75] , humic acid [76],
phtalic acid [77, 78] , diethyl phtalate [77] and benzotriazoles [79]. Moreover, ZIF-8 is
highly used in the adsorption of organic dyes from water. For instance, Li et al. applied
ZIF-8 particles in the adsorption of rhodamine B, methylene blue and methyl orange
[56] .The adsorption of methylene blue using ZIF-8 particles is reported to be one of the
fast and efficient adsorption (gma= 3.1 mmol.g!, contact time: 30 min) among other
materials such as the activated charcoal (gme= 25 mmol.g™!, contact time: 30 min) and
graphene oxide (gma= 4.0 - 4.5 mmol.g™!, contact time: 120 min) [80]. Furthermore,
Saliba et al. recently studied the adsorption of MB by ZIF-8 and ZIF-67 and their mixed
metal derivatives. They showed that the substitution of Zn by Co cations within the ZIF
framework enhances the adsorption capacity of the ZIF particles [24]. The mixed metals
strategy in ZIFs for adsorption of dyes was also investigated by Thanh et al. and Abdi et
al. By doping ZIF-8 with iron, Thanh et a/. succeeded in increasing the adsorption
capacity of ZIF-8 doped with iron towards the remazol deep black dye (RDB) [81].
Whereas Abdi et al. used the amine-modified ZIF-8 for the adsorption of two different
anionic dyes: the acid blue 92 (AB92) and direct red 80 (DR80). Upon this
modification, the adsorptive capacity of ZIF-8 increased from 250 mg/g to 650 mg/g for

AB92 and from 200 mg/g to 500 mg/g for DR80 [82].

c. ZIFs as catalysts

Zeolites have been also used as catalysts for many industrial processes[83].
However, when synthesizing bulky materials, there are some limitations due to their
small pore sizes and surface areas. By synthesizing ZIFs, this challenge was overcome

because of the incorporation of the organic linker and the transition metal in the
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framework [10]. Both the metal ion and the organic linker are involved in a catalytic
reaction. Furthermore, the diversity in the size of the pores provides ZIFs high
selectivity and affinity towards the target material [84]. Additionally, the electronic and
steric properties of the transition metal sites can be tuned by functionalizing the organic
linker leading to an enhancement in the catalytic properties of the pores, which is also
considered a major explanation for the use of ZIFs in this field [10]. Different ZIF
catalysts were used in many reactions including: transesterification [85], Knoevenagel
reaction[86], Friedel-Crafts acylation [87, 88], monoglyceride synthesis [89], synthesis
of carbonates[90, 91], oxidation and epoxidation [92-94], and hydrogen production
[95]. For example, the transesterification of vegetable oil in methanol has been
improved when replacing zinc aluminate, the conventional catalyst, by ZIF-8 particles

[85].

d. ZIFs in sensing and electronic devices

The exceptional and intrinsic properties of ZIFs such as the tunable pore size,
the easy functionalization and the selective adsorptive capacity enable them to be used
in sensing and electronic devices. For instance, ZIF-8 was used for the first time as a
sensing material when constructing a ZIF-8 -based Fabry-Pérot device. This device
serves as a selective sensor for chemical vapors and gases. An exceptional chemical
selectivity was reported when the sensor was exposed to the vapor of ethanol-water
mixtures in addition to an ethanol-concentration-dependence response [96]. Moreover,
ZIF particles were studied as luminescent probes for the detection of metal ions [97]

(Cu?*" and Cd?**) and small molecules [97] such as acetone and a sensing platform for
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fluorescence-enhanced detection of nucleic acids having a high selectivity down to a
single-base mismatch [98].

Furthermore, these materials are considered as attractive matrices for the
biosensor construction, where ZIFs-based electrochemical biosensors for in vivo
electrochemical measurement with high selectivity and sensitivity towards glucose were
successfully synthesized. ZIF-7, ZIF-8, ZIF-67, ZIF-68 and ZIF-70 served as a matrix
respectively for co-immobilizing electrocatalysts methylene green and glucose
dehydrogenase on the electrode surface [99].

Additionally, ZIFs are used in electronic devices [100]. Recently, Eslava and co-
workers claimed that ZIF-8 can be considered as good insulators in microelectronics.
The synthesized ZIF-8 films showed good mechanical properties and had the effective k

value necessary for the chip devices [101].

e. ZIFs in drug delivery

ZIF materials are emerging as powerful materials for drug delivery and
controlled release of drug molecules [102-104]. This is explained by the excellent
porous structures, the exceptional thermal and chemical stabilities and the tunable pore
size of the framework.

Among the vast family of ZIF, ZIF-8 is considered as a good candidate for the delivery
of drugs such as anticancer agents [20]. Sun et al. suggested that this framework can be
used as a drug delivery vehicle that is dependent on the pH of the solution, since it is
highly stable in water and sodium hydroxide solutions, and decomposable in acidic

medium [10]. Besides being able to deliver drugs and encapsulate them within their
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cage, ZIF-8 particles provide a thermal protection for the drug during high temperature

processes [105].

B. Reaction-Diffusion Framework

1. Introduction

Organized patterns are observed in real life in different fields including
chemistry, physics, biology and abundantly geology. They are defined as the
appearance of an array of organized structures repeated with defined or undefined
symmetries without the intervention of external conditions, and arise far from
equilibrium [106]. They affect significantly the animate systems as well as the
inanimate systems. For instance, the combination of the nonlinear coupling with the
feedback loops is keen to provide a basis for regulatory processes in cells, tissues and
organisms (calcium signals, communication between ATP generation (mitochondria))
and ATP consumption sites (cell nucleus and membranes). Moreover, the combination
of the nonlinear coupling between the reaction and the diffusion may induce chemical
oscillations in time and/or in space. On the other hand, extended structures are born
from simple and inorganic chemistries by the reaction-diffusion. Very common
examples are the iris banding of the agate, the cave stalactites and the dendritic

formation on the limestone (Figure 4) [107].
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Animate

Inanimate

Hm mm m
Figure 4: Examples of animate (a-d) and inanimate (e-h) RDF systems at different
length scales (um, nm and m) . Reprinted with permission from ref. [106]. Copyright
2009 John Wiley and Sons.

The reaction-diffusion framework (RDF) is based on the diffusion of two
initially separated reactants, where one reactant (outer electrolyte) is poured on top of
the second one (inner electrolyte) entrapped into a gel matrix that eliminates the
convection process. The difference in the concentrations of the two reactants leads to
the establishment of a concentration gradient. A supersaturation wave is then initiated at
the gel-solution interface and propagates decreasingly down the reaction tube. While the
nucleation dominates at the interface where the supersaturation is the highest, growth
predominates further in the tube when the supersaturation is lower. Due to the nonlinear
interaction of this diffusing supersaturation with nucleation and crystal growth, the
Liesegang instability (described below) resulting in macroscopic periodic precipitation
may emerge.

Liesegang instability was first discovered by the German chemist, Raphael

Eduard Liesegang in 1896 [108], by accidentally dropping a solution of silver nitrate
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(AgNO3) on a thin layer of gelatin containing potassium dichromate (K>Cr.O7) [109].
This led to the formation of concentric rings of silver dichromate. The periodic
precipitation patterns or the Liesegang instability, formed by moving the front of the
chemical reaction, is considered one of the most interesting examples of self-organizing
systems far from equilibrium. Liesegang was unable to explain the origin of the formed
rings, nonetheless, he knew that it was related to the movement of molecules or ions

with respect to one another.

Figure 5: Classic Liesegang rings formed in a silver dichromate system in gelatin.
Reprinted with permission from ref. [106]. Copyright 2009 John Wiley and Sons.

Since scientists succeeded in recreating the nautre-like behavior in a test tube,
reaction-diffusion became crucial in modern technology. In fact, the nonlinear coupling
of the reaction and diffusion allows the construction of new structures at small scales
such as bands with direct spacing [110], bands with revert spacing [111, 112], bands
with secondary structures [113], fractals [114] and spots [115]. It starts with the
conversion of the components via a chemical reaction and ends with their transportation

in space via diffusion. The eminence of the reaction-diffusion framework leans on the
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ability to study and control the size and the morphology of the particles within each
band. The variation of the concentration of the electrolytes, as well as the gel matrix
concentration and the temperature affected the size and the morphology of the MOF-
199 [116] and the lanthanum hydroxide particles synthesized via this technique [116,

117].

2. Theories governing the Liesegang banding phenomena

Various studies were carried out to study the mechanism behind the Liesegang
banding phenomena. Till now, there’s no universal theory that explains every
experimental observation regarding this phenomenon. However, the pre-nucleation
theory, based on the Ostwald’s supersaturation theory [118-121], and the post-
nucleation theory [122] based on the Ostwald’s ripening were the most discussed

theories with several advantages and limitations.

a. Pre-nucleation Theory

The Ostwald supersaturation-nucleation-depletion [107] cycle was first used to
describe the phenomenon that happens when the bands are formed. It is based on
explaining the periodic precipitation as a non-equilibrium process. The first
precipitation bands do not appear immediately upon the diffusion of the outer
electrolyte (A4) into the gel containing the inner electrolyte (B), but after the
supersaturation of the solution. The nucleation of the precipitate is then initiated and
accompanied by a growth of the nucleated particles with a depletion of the electrolytes
A and B in the surroundings. Therefore, the local concentration product of the reactants
a (x, t)xb(x, t), where a is the concentration of the outer electrolyte (4) and b is the

concentration of the inner electrolyte (B), decreases in the vicinity of the band and the
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nucleation is inhibited. Afterwards, the diffusion of 4 continues until it surpasses again
the nucleation threshold of precipitation ¢ *, or the solubility product (K,), allowing
thus the formation of a new band. The repetition of this cycle leads to an alternative
precipitation of filled and void domains. A computational simulation in figure explains
the formation of the n” band with a and b the concentrations of the products, ab their

ion-product, x, the position of the band n and ¢ * the precipitation threshold [123].
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Figure 6: Computational simulation of the concentrations of a and b, and the ion-
product concentration ab in the supersaturation theory of the Liesegang banding. g*
represents the precipitation threshold, x, the position of the n'" band. Reprinted with
permission from ref. [122]. Copyright 2005 Institute for Scientific Information.

Wagner [124] and Prager [118] tried to improve this theory by different
calculations and mathematical formulations, so it agreed at first with the experimental
observations. However, its major drawbacks reside in not being able to explain the
revert spacing [125] and the pattern formation from an initially uniform dispersion of a
precipitate in a gel medium [126] beside its failure in predicting the secondary banding

[113].
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b. Post-Nucleation Theory

The post-nucleation theory is established on two mechanisms: the competitive
particle growth model (CPG) and the Nucleation and Growth [107]. The first one,
known also as the Ostwald ripening, is based on the chemical instability where the
obtained sol evolves after diffusion through a competing mechanism between particles
of different sizes. Feinn et al. argues that in order to decrease the energy of the system,
smaller particles are dissolved whereas bigger ones are formed. Moreover, the periodic
precipitation was explained as a mechanism of the aggregation of big particles, leaving

depleted clear zones in smaller particles in the surrounding regions [123, 124, 126-128].

The second theory is characterized by two thresholds, one for the nucleation and
other for the growth. In fact, this model proposes that spatially homogeneous colloidal
sets of particles (C) are formed after the diffusion of the outer electrolyte (4) into the
gel containing the inner electrolyte (B) and when the local concentration product
a(x,t)xb(x,t) is greater than the solubility product (K,). These colloidal particles are
free to move until their local concentration ¢ reaches a threshold value c¢* ,inducing the
nucleation followed by an aggregation into a static precipitate P until concentration ¢

drops below the second threshold p* [123, 129].

3. Scaling laws of the Liesegang banding phenomenon

The precipitation pattern of the Liesegang banding phenomenon follows
different scaling laws, regardless of the symmetry of the system and the identity of used
salts. These laws are defined as the spacing law, the width law and the Matalon-Packter

law.
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a. The spacing law

The first scaling law that relates the positions x, and x,+; of the consecutive bands
nand n + 1 is known as the spacing law [107, 130]. It was first described by Jablczynski
[131] and states that the positions of consecutive bands form a geometrical series as
shown in equation (1):

Xn+1

=1+p eq.1

Xn
where p, defined as the spacing coefficient, ranges between 0.05 and 0.4 [123].
In general, the spacing between the consecutive bands increases with the increase of the
distance from the interface between the outer electrolyte and the gel. This spacing is
known as the direct or the normal spacing. In other cases, the Liesegang systems exhibit
a revert spacing where the distance between the consecutive bands decreases as going

far from the interface [111, 112].

b. The width law
The relation between the widths of consecutive bands follows the width law
[107][107][107][107] stating that the ratio of the widths (w) of two consecutive Liesegang

bands, defined as ¢, is constant. The width values form a geometrical series [132-134]:

Wn+1

o q eq. 2
Furthermore, in a direct spacing system the width of the band increases with its position
in regard to the interface according to the equation (3):

Inw, = a lnx,, + constant eq. 3

where the width exponent «a is greater than 1.
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c. The Matalon-Packter law

Matalon and Packter postulated a new law in order to better understand the
spacing law. This law describes the relation between the initial concentrations of the inner
and the outer electrolytes with the spacing coefficient. They noted that the spacing

coefficient p depends on the initial outer (ay) and inner (b9) concentrations as follows:
= Gbo)
p = F(by) + ” eq.4

where F and G are either decreasing or increasing functions of by [123, 135].

C. Aim of the work

As previously mentioned, the family of Zeolitic Imidazolate frameworks is large
due to the different organic linkers and metal ions that can be used, inducing their high
importance in different applications. The size and the monodispersity of the particles
are very important parameters in many applications such as separation membranes and
catalysis; however, conventional synthesis techniques yield polydispersed ZIF particles.
The reaction-diffusion framework is considered an interesting alternative technique that
overcome the size and dispersity issue. In fact, the nonlinear coupling between reaction
and diffusion with nucleation and growth of the crystals allows with ease the control of
particle size and its distribution along the tubular reactor. In addition, this method is
rapid, efficient, scalable, and environmentally friendly.

Herein, we report the synthesis of two zeolitic imidazolate frameworks (ZIF-8
and ZIF-7) via a reaction diffusion framework at room temperature. The periodic
precipitation for both systems occurs in a series of alternative bands separated by
precipitate-free zones and obeying the direct spacing Liesegang banding. Different

experimental conditions such as the concentrations of the metal ions (inner solution)
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and the organic linker (outer solution), the agar gel percentage and the temperature are
varied in order to study their effect on the crystal size, the morphology and the stability
along with other properties. Therefore, our aim is to exploit the macroscopic scaling
laws emerging from the Liesegang instability and couple it to the particle size in order
to introduce a new microscopic size law. This law relates the size of the ZIF-7 particles
in each band to the position of the band in the tube. Furthermore, by capturing in situ
the crystal growth, this new method of ZIF synthesis enables the elucidation of the
fundamental physico-chemical parameters that govern the crystallization process of ZIF

structures.
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CHAPTER II

MATERIALS AND METHODS

A. Materials

Zinc sulfate monohydrate (ZnSO4. H2O, 99%), zinc acetate dihydrate 97%, 2-
methylimidazole 99% and benzimidazole 98% were purchased from Acros Organics,
Bacto agar gel from Difco, N-N-dimethyl formamide (DMF) and dichloromethane
(DCM) from Fisher chemicals, and cobalt (II) sulfate heptahydrate from BDH

Laboratory Supplies. All these reagents were used without further purification.

B. Preparation of ZIF crystals

Our synthesis technique is based on the diffusion of the organic linker into a gel
matrix containing the metal ions. For ZIF-8 and ZIF-7 systems, the metal ions constitute
the inner electrolyte, whereas the outer electrolyte is formed of a solution of the organic
linker, 2-methylimidazole or benzimidazole. In order to allow diffusion, the
concentration of the outer electrolyte is 50 times (more or less) that of the inner

electrolyte.

1. Preparation of ZIF-8

An aqueous solution of Zn?" ions from zinc sulfate powder is mixed with 1%
(w/w) agar powder and heated with continuous stirring. At the complete dissolution of
the gel, an equal volume of DMF is added. The homogeneous solution is transferred

into a Pyrex test tube and kept at room temperature until gelation. An aqueous solution
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of 2-methylimidazole (HmIm) is added on the top of the gel and left to allow the

precipitation coupled with the diffusion.

Outer solution: HmIm B M

ZIF-8 bands

Inner solution: Zn?" in agar
gel

Figure 7: Schematic representation of ZIF-8 synthesis via RDF.

After 3 days of diffusion, white bands of pure ZIF-8 are formed. The
precipitates are washed in DMF at high temperature to remove the gel and the unreacted
species, then with DCM by solvent exchange to clear the pores from DMF, and then

dried for 2 hours to be ready for characterization.

2. Preparation of ZIF-67
ZIF-67 is prepared similarly to ZIF-8 with the same outer solution of HmIm.
However, the inner solution is formed of Co?* ions instead of Zn>" ions. The purple

precipitate is collected and treated in the same manner of the white precipitate of ZIF-8.
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Outer solution: HmIm

ZIF-67 bands

Inner solution: Co*" in agar
gel

Figure 8: Schematic representation of ZIF-67 synthesis via RDF.

3. Preparation of Co-doped ZIF-8 and Zn-doped ZIF-67

A mixture of different percentages of Zn?" ions and Co?" ions is used in the
inner solution for the preparation of the Co-doped ZIF-8 and the Zn-doped ZIF-67
crystals. For the first one, the percentage of the zinc is higher than that of the cobalt,

whereas for the Zn-doped ZIF-67 the cobalt percentage is the highest.
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Co- doped ZIF-8 Zn- doped ZIF-67
bands bands
Inner solution: 95% ) -
702t/ 5 % Co*in Inner solution: 95%
agar gel Co**/ 5% Zn*"in
B agar gel -

Figure 9: Schematic representation of 5% Co-doped ZIF-8 (A) and 5 % Zn-doped ZIF-
67 (B) via RDF.

4. Preparation of ZIF-7

Zinc acetate powder is dissolved in water and mixed with 1% (w/w) agar
powder to form the gel matrix of the ZIF-7 system. The solution is heated with
continuous stirring until the dissolution of the gel. An equal volume of DMF is added
and the homogeneous solution is transferred into a Pyrex test tube and kept at room
temperature until gelation. A solution of benzimidazole dissolved in an equal volume of
DMF and water is added on the top of the gel.

Similar to the ZIF-8 systems, the white precipitates are extracted where
individual bands are separated, washed with DMF at high temperature to remove the

gel, washed with DCM by solvent exchange and dried for 2 hours to be characterized.

26



Outer solution:
Benzlm

ZIF-7 bands

Inner solution: Zn*" in
agar gel

Figure 10: Schematic representation of ZIF-7 synthesis via RDF.

C. Characterization of ZIF-8, ZIF-67 and ZIF-7 crystals

After collecting ZIF crystals, they are subjected to different characterization
techniques including Powder X-Ray diffraction, Scanning Electron Microscopy,
Thermogravimetric analysis, BET surface area measurements and Atomic Absorption

measurements.

1. Powder X-Ray diffraction (PXRD)

Powder X-Ray diffraction (PXRD) is a non-destructive technique allowing the
identification of the powder since each sample is characterized by a unique PXRD
pattern. It can be used to determine the crystal structure and the size of the particle

according to the Scherrer equation.

Powder X-Ray diffraction (PXRD) patterns are recorded on a Bruker D8

advance XRD diffractometer using CuKa radiation (A = 1.5406 A) at 40 kV and 40 mA,

27



with 26 ranging between 5° and 40 ° at a scanning rate 0.02°. min™! and a total time of

12 hours.

2. Scanning Electron Microscopy Analysis (SEM)

The morphology and the size of the particles in each of the extracted bands are
investigated using a scanning electron microscope (Tescan Mira), operating at 5 kV;
and equipped with Oxford detector for energy dispersive X-ray (EDX) characterization
at 15 kV. The samples are coated with a layer of gold prior to SEM. Note that the error
bars in the figures represent the standard error on the mean with a number of particles n

= 100 particles.

3. Thermogravimetric analysis (TGA)

Thermogravimetric analyses are carried out on a NETZSCH TG 209F1 Libra
TGA209F1D- 0152-L to study the thermal stability of the samples. The analyses are
done under nitrogen atmosphere with a heating rate of 5 °C. min™! and a temperature

between 30 °C and 1100 °C.

4. Nitrogen adsorption and BET calculation

In order to analyze the surface area of the porous material, nitrogen isotherms
are carried on using a Micromeritics ASAP 2420 analyzer. The BET surface area is
calculated using NOVA 2200e surface area analyzer after degassing the samples for 6

hours at 80 °C under vacuum.
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5. Atomic Absorption (AA)

Atomic absorption measurements are recorded using THERMO
LABSYSTEMS, SOLAAR atomic absorption spectrophotometer with ASX-510 auto
sampler, and SOLAAR data acquisition. After washing the samples, they are dissolved
in 1.0 M HCl and examined by means of atomic absorption to determine the exact

doping percentage.
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CHAPTER III

SYNTHESIS AND CHARACTERIZATION OF ZIF-8, ZIF-67
AND THEIR MIXED METALS DERIVATIVES VIA A
REACTION-DIFFUSION FRAMEWORK

A. Introduction

Zeolitic imidazolate framework 8 (ZIF-8) was first synthesized by Yaghi et al.
in 2006 by mixing zinc nitrate tetrahydrate with 2-methylimidazole in N,N-
dimethylformamide (DMF) at 140 °C for 24 hours. The zinc ions and the 2-
methylimidazolates form a cubic crystal with /43m as a space group (a = 16.991 A).
Each zinc ion is tetrahedrally coordinated to the nitrogen atoms of the imidazolate ring.
The crystallographic study of ZIF-8 showed a sodalite (SOD) topology which is
truncated octahedron known also as the Kelvin cell. The large pores of the SOD cage
are of 11.6 A and are connected through 6-ring small apertures of 3.4 A each at <111>

facets.

Figure 11: (A) The crystal strcuture of ZIF-8. The blue tetrahedra are formed of Zinc
ions, the black spheres represent the carbon atoms and the green spheres represent the
nitrogen atoms and (B) the SOD topology. Reprinted with the perimission of ref [9].
Copyright 2006, Proceedings of the National Academy of Sciences.
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ZIF-8 particles show high thermal stability up to 450 °C in ambient conditions
in addition to their chemical stability in boiled benzene, methanol and water for a week.
The exceptional thermal and chemical stabilities in addition to the high surface area
(BET of 1640 m?/g) and the pore volume of 0.636 cm?/g make ZIF-8 an ideal
compound for a wide variety of applications [10]. ZIF-8 was used in various
applications such as the storage of hydrogen, methane and capture of carbon dioxide,
the separation of liquid mixtures, chemical sensors, drug delivery and photocatalytic
degradations. By replacing zinc ions with cobalt ions, a new ZIF is obtained, known as
ZIF-67, having the same structure and topology as ZIF-8 [11]. Recently, various studies
showed that the synthesis of ZIF crystals based on mixed metals allows an improvement

in the properties of the material [24].

Figure 12: Crystal structure of Co-doped ZIF-8, Zn: blue, Co: purple, N: green and C:
black.

Over the years, the synthesis of ZIF-8 and ZIF-67 crystals was monitored by
changing the solvents, the temperature, the pressure and the metal salts, in order to
obtain a material with desirable particle size mandatory for the fabrication of nano-
devices and their use in different applications. Since the reaction-diffusion framework

allows us to control the particle size, in the upcoming section we will discuss the
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characterization of the synthesized ZIF-8, ZIF-67 and their solid solution using RDF.
Additionally, the study of the effect of the different reaction parameters, including the
concentrations of the metal ions and the organic linker solutions, the gel percentage and
the temperature, on the size of the particles will be discussed. Moreover, we will

investigate the scaling laws emerging from the exhibited Liesegang instability.

B. Results and Discussion
1. Powder X-Ray Diffraction of ZIF-8 crystals

PXRD pattern of the obtained crystals is recorded and compared to the
simulated pattern (Figure 13). The sharp peaks observed in the PXRD pattern of the
collected white powder synthesized via the RDF perfectly match the main peaks of the
simulated pattern of ZIF-8 at 20 : 7.51° (011), 10.49° (002), 12.89° (112), 15.01° (022),
16.61° (013), and 18.26° (222). Note that no additional peaks are observed. This

indicates the high crystallinity and the purity of the synthesized crystals.
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Figure 13: PXRD patterns of the simulated ZIF-8 crystals and the synthesized ZIF-8 via
RDF.
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2. Scanning Electron Microscopy Analysis and Particle Size Distribution of ZIF-8

Crystals

A tube of an inner [Zn**] = 20.0 mM, an outer [HmIm] = 1.0 M, an agar

percentage of 1% is prepared and the precipitation is kept at a temperature of 25 °C was
prepared. Six consecutive bands of 0.5 cm each are collected and subjected to Scanning
Electron Microscopy in order to examine the morphology of the particles. The SEM
images reveal sharp edged polyhedra within the bands. Moreover, an increase in the size
of these polyhedra within the same tube as we go farther from the gel-outer solution
interface. This is characteristic of RDF where at the interface, the nucleation
predominates and induces the formation of smaller particles. As we go far from this
interface, the growth predominates resulting in the formation of larger particles (Figure
14). For example, in the first band the size of particles is ~ 0.8 um whereas, at the 6"

band their size increases to ~5 pm.
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Particle Size (um)
w

Figure 14: (A) SEM images showing polyhedral ZIF-8 particles synthesized via RDF
and their size distribution in um (histograms inset). The scale bar is 2 pm and (B) a
graph of the particle size growth over 6 consecutive bands. The bands are collected as
adjacent regions of 0.5 cm each.
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3. BET surface area of ZIF-8 crystals

The BET surface area and the pore volume of the obtained particles are
calculated and found to be 1424 m?/g (Figure 15) and 0.56 cm?®/g. These values are in
accordance with the reported values in the literature [10]. This indicates that the RDF
technique did not affect the textural properties of the ZIF crystal. The N2 isotherm
exhibited by ZIF-8 particles is a Type I isotherm confirming the microporous nature of

the particles and depicting a monolayer adsorption on their surface.
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Figure 15: N> adsorption and desorption isotherms of ZIF-8 at 77 K.

4. Thermal stability of ZIF-8 crystals

The thermogravimetric analysis of the synthesized ZIF-8 crystals via the RDF is
in accordance with the one reported in the literature, since it is stable at a temperature
up to 500 °C. Two minor weight losses (less than 5%) at 100 °C and 200 °C are

observed in the TG curve shown in Figure 16. The first one is attributed to the loss of
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adsorbed water whereas the second one corresponds to the unreacted species and the

remaining DMF.

0 500 1000 1500
Temperature (°C)

Figure 16: Thermogravimetric curve of ZIF-8 under nitrogen atmosphere with a
heating rate of 5 °C. min! and a temperature between 30 °C and 1100 °C.

5. Yield of ZIF-8 crystals via RDF

One of the major issues in material synthesis is the scalability. Indeed, it is a
challenge to synthesize ZIF crystals in large scale in many of the conventional synthesis
approaches. However, using RDF, ZIF-8 crystals are synthesized at different scales
ranging from 20 mL in a test tube to reach the 300 mL in a beaker (Figure 17). These
scales resulted in consistent crystals with no changes in the morphology or the quality.

This is one of the advantages of RDF making it an interesting technique industrially.
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Figure 17: Preparation of ZIF-8 using the RDF process at different scales in larger
volumes.

6. Kinetic study of the particle size evolution

The reaction-diffusion framework (RDF) offers the ability to study the growth
and the nucleation of the crystals. For this aim, four identical tubes are prepared with
[Zn?**] = 20.0 mM as an inner solution, [HmIm] = 1.0 M as an outer solution and 1 %
agar gel at 25 °C. The reaction is stopped by discarding the outer solution after a fixed
period of time: 1 minute, 2 minutes, 3 minutes and 5 minutes of diffusion/reaction, then
the white precipitates are collected from each tube. For the first minute of diffusion, a
PXRD is carried out do identify the white powder (Figure 18). The morphology and the
size of the particles are examined using the SEM (Figure 19) where at the first minute
spherical ZIF-8 particles are formed. The transition from spheres to polyhedra is
observed at the third minute. This indicates that the rate of formation of polyhedral ZIF-
8 is quite fast unlike the slow rate of formation observed in the solvothermal technique

where ZIF-8 particles appear after 24 hours [26].
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Figure 18: PXRD patterns of the simulated ZIF-8 crystals and the synthesized ZIF-8
via RDF after 1 min of diffusion.

Figure 19: SEM images showing the kinetics of growth of ZIF-8 at different times:
(A) 1 minute, (B) 2 minutes, (C) 3 minutes and (D) 5 minutes with zoomed in (inset)
image showing the morphologies . The scale bar is 2 um.
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7. Liesegang laws

The different scaling laws characteristic of the Liesegang banding phenomenon
described in Chapter 1 are investigated in this section. The measurements of the
position (x,) and the width (w,) of each band are carried out using Adobe Photoshop.
a. Spacing Law

The effect of the concentrations of the metal ions and the organic linker on the
spacing of the Liesegang bands in this system is studied. Figure 20 shows the plot of the
band position x, versus the band number n for different inner [Zn?>*] and outer [HmIm]
indicating a direct spacing system. The reported values of the spacing coefficient p (eq.
1) is extracted from the slopes of the linear plots of x,+1 versus x,. For this system, p
ranges from 0.11 to 0.15 (Table 2). For different inner [Zn?*] and constant outer
[HmIm]=1.0 M, the spacing coefficient increases with the increase of the inner
concentration. On the other hand, for different outer concentrations and constant inner
[Zn*"], the spacing coefficient decreases with the increase of the outer concentration as
in most of the cases [123]. Note that the near-overlap of the orange and violet curves in

Figure 20. (B) is due to the closeness of the outer electrolyte concentrations.

Table 2: The spacing coefficient p calculated at different inner ([Zn**]) and outer
concentrations ([HmIm]) for the ZIF-8 system.

p
Inner concentrations ([Zn*']) Outer concentrations ([HmIm])
5SmM 0.114(6) 0.5M 0.327(2)
10 mM 0.128(7) 1.5M 0.203(3)
20 mM 0.153(4) 2M 0.206(8)
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Figure 20: Plot of the band position x, versus its number n displaying direct spacing
in the ZIF-8 precipitation system at (A) different inner concentrations and (B)
different outer concentrations.

b. Width Law

The width w, of each band is also measured and plotted versus its number n for
different inner [Zn?*] and outer [HmIm] (Figure 21). Furthermore, the width coefficient
q is calculated as the slope of the plot of wy+; versus w,. The values of ¢ reported in
Table 3 follow the same trend as the spacing coefficient p. Hence, g essentially
increases with the increase of the inner concentration at fixed outer [HmIm] = 1.0 M
and decreases with the increase of the outer concentration at fixed inner [Zn*"] = 20.0
mM. Note that the near-overlap of the orange and violet curves in Figure 21 (B) is due

to the closeness of the outer electrolyte concentrations.
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Figure 21: The width w, of the consecutive bands plotted versus their number 7 in the
ZIF-8 precipitation system at (A) different inner concentrations and (B) different outer
concentrations.

Table 3: The width coefficient ¢ calculated at different inner ([Zn?*]) and outer
concentrations ([HmIm]) for the ZIF-8 system.

q
Inner concentrations ([Zn?']) Outer concentrations ([HmIm])
5mM 1.065 (6) 0.5M 1.568 (4)
10 mM 1.061 (5) 1.5M 1.375 (3)
20 mM 1.130 (3) 2M 1.133 (6)

Moreover, the In-In plots of the width of each band w, versus its position x, exhibit
linear correlation with values of the exponent a (eq. 3) extracted as slopes from these plots
(Table 4).

Table 4: The width exponent « for different inner and outer concentrations.

Inner concentrations ([Zn*"]) Outer concentrations ([HmIm])

5 mM 10 mM 20 mM 0.5M 1.5M 2M
a | 1.10(6) 1.10 (9) 1.50 (9) 1.70 (6) 1.30(6) | 1.30(8)
R2|  0.992 0.994 0.993 0.994 0.990 0.995
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c. Matalon-Packter law

The Matalon-Packter law is also investigated for the ZIF-8 system. F(by) defined

as the y-intercept function of the p versus ( ai ) is essentially an increasing function of
0

bo and G(by), defined as the slope of this curve is also an increasing function of by.

Table 5: Values of the functions G(by) and F(by) for different initial inner

concentrations by.

bo=[Zn*"] G(bo) F(bo)

5mM 0.030 (4) | 0.116 (5)

10mM | 0.022(5) | 0.153(8)

20mM | 0.075(4) | 0.186 (5)

30mM | 0.072(7) | 0.201(2)

8. Size and Morphology of ZIF-8 Crystals

Among the various advantages of the RDF, the control of the particle size is
considered the most important one, since the size of the particles is essential in many
applications. Different experimental parameters including the concentrations of the
metal ions and the organic linker, the agar percentage and the temperature are changed

in order to study their effect on the size and the morphology of ZIF-8 crystals.

a. Effect of the inner concentration [Zn*"]

In order to study the effect of metal ion concentration, ZIF-8 crystals are
synthesized with three different [Zn?>*] (5.0 mM, 10.0 mM and 20.0 mM) at room
temperature (temp = 25 °C) with 1 M as the concentration of the organic linker [HmIm]
and 1 % as the agar percentage. The bands are collected as adjacent regions of 0.5 cm

width. It is shown in Figure 22 that upon the measurements using SEM, the average
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particle size of the obtained ZIF-8 crystals increases with the increase of the inner
[Zn?*]. For example, at 3 cm from the interface, for the lowest inner concentration
([Zn**] = 5.0 mM) the average particle size is ~2 um whereas at the highest
concentration ([Zn**] = 20.0 mM) the average particle size is ~4.4 pm. This trend is a
characteristic of the reaction-diffusion where the increase of the inner concentration will
lead to an increase in the initial supersaturation gradient. Moreover, it is noteworthy that
with the increase of the inner concentration, the morphology of the crystals does not
change. The morphology of the particles in each band is recorded using the SEM and

shown in Table S1.

4 [zn *1=5mM
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Figure 22: Particle size of ZIF-8 crystals at different inner [Zn?*].

b. Effect of the outer concentration [HmIm]

The concentration of the organic linker is varied using three different values (0.7
M, 1.0 M and 2.0 M) whereas the concentration of the inner solution, the agar

percentage and the temperature are kept constant at [Zn**] =20.0 mM, 1 % agar and 25
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°C for the three different outer concentrations, respectively. The average particle size is
shown in Figure 23 where smaller particles are obtained at higher outer [HmIm]. For
the highest outer concentration ([HmIm] =2.0 M), at 3 cm from the interface, particles
of ~2.8 um are obtained whereas at the lowest concentration ((HmIm]= 0.7 M)
polyhedra of ~5.6 pm are formed. This is due to the supersaturation gradient, where for
high outer concentrations the supersaturation gradient decreases leading to a decrease in
the particle size. Furthermore, the morphology of the particles recorded using SEM is
reported in Table S2 where as we go far from the interface simultaneously with the

increase of their sizes, the surface of the particles becomes gradually rich in cavities.
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Figure 23: Particle size of ZIF-8 crystals at different outer [HmIm)].

c. Effect of the Agar percentage

The concentration of the agar plays a major role in the nucleation and growth of

the particles. For fixed inner and outer concentrations ([Zn*"] =20.0 mM and
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[HmIm]=1.0 M, respectively) and temperature (25 °C), different percentages of agar are
used (0.5 %, 1 %, 1.5 % and 2 %). When the percentage of agar increases, the average
pore size of the agar decreases, which leads to an increase in the number of nucleation
sites, resulting in a decrease in the average particle size (Figure 24) [136]. The average
particle size at the 4" band for 0.5 % agar is ~3.2 pm, it decreases to ~2.8 um at 1 %
agar and reaches ~2 um at 2 % agar. The SEM images in Table S3 show a formation of
polyhedra shaped crystals in all the bands and at different agar percentages with an

augmentation of the cavities when the bands are at further positions from the interface.
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Figure 24: Particle size of ZIF-8 crystals at different agar percentages.

d. Effect of temperature

ZIF-8 crystals are synthesized at different temperatures (15 °C, 25 °C and 30
°C) while keeping the concentrations of the inner electrolyte, the outer electrolyte and

the agar constant ([Zn**] = 20.0 mM, [HmIm] = 1.5 M and 1 % agar, respectively). The
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increase of the temperature is accompanied by an increase in the average size of the
particles as shown in Figure 25. This trend is due to the increase of the rate of crystal
growth leading to an increase in the particle size. This is clearly observed at the lowest
temperature (15 °C) where only four bands (2 cm) are obtained for the same period of
reaction time. However, at 30 °C six bands (3 cm) are obtained with the biggest
particles (~7 um in the last band) compared to ~2.5 um at 15 °C. The SEM images of
the three different tubes are represented in Table S4 showing no changes in the

morphology of the particles.
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Figure 25: Particle size of ZIF-8 crystals at different temperatures.
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9. Characterization of ZIF-67

The two purple precipitates (Figure 7) obtained when replacing zinc ions by
cobalt ions are subjected to PXRD for the identification. The PXRD patterns of both
parts reveal that the purple powders are formed of ZIF-67 particles. Figure 26 shows no
additional peaks nor differences between the simulated PXRD of ZIF-67 and the

synthesized one.
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Figure 26: PXRD patterns of the simulated ZIF-67 and the synthesized one (part 1 and
2).

However, two different morphologies are observed when the powders are
examined using the SEM. For the upper part of the tube, designated as part 1,
polyhedral particles of ~5 pm diameter are formed, while the lower part, referred as part
2 is formed of sheets-like particles of similar size (Figure 27). Both morphologies are in

accordance with the one found in literature [137].
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Figure 27: SEM images of ZIF-67 prepared at [Co?"] =20 mM as an inner solution,

[HmIm] =1 M as an outer solution and 1 % agar gel at 25 ° C. (1) part 1 and (2) part 2.
The scale bar is 5 pm.

10. Mixture of the Two Metal Ions: Zn** and Co**
Similar to all of the synthesized powders, the ones formed of mixed metal ions
are subjected to PXRD. The PXRD patterns for the preparations of 5 % Co and 5 % Zn

initial inner solutions revealed that the powders are formed of ZIF-8 and ZIF-67

respectively (Figure 28 and Figure 29).
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Figure 28: PXRD patterns of the simulated ZIF-8 and the 5 % Co-doped ZIF-8.
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Figure 29: PXRD patterns of the simulated ZIF-67 and the 5 % Zn-doped ZIF-67.
The SEM images for the 5 % Co-doped ZIF-8 show polyhedral particles (Figure
30). Moreover, for the 5 % Zn-doped ZIF-67, the first two bands near the interface,
taken as consecutive regions of 0.5 cm each, are formed as polyhedra of ~1 pm.
However, the following consecutive three bands are formed of sheet-like particles of
similar size (Figure 31). This morphology is similarly observed with the pure ZIF-67 as

mentioned previously.

Figure 30: SEM image of 5 % Co doped ZIF-8 prepared at [Zn**/Co?"] = 20 mM as an
inner solution, [HmIm] = 1 M as an outer solution and 1 % agar gel at 25 °C. The
scale bas is 2 um.

49



Figure 31: SEM images of 5 consecutive bands of the 5 % Zn-doped ZIF-67 prepared
at [Zn>*/Co?"] = 20 mM as an inner solution, [HmIm] = 1 M as an outer solution and 1
% agar gel at 25 °C. The scale bar is 1um.

The similarities in the PXRD patterns as well as the morphology and the size of
the particles examined by SEM explain why doping the initial solution with a different
metal will not induce any morphological or structural changes within the particles.
Nevertheless, it might induce improvements in some of its properties. This is proved by
the increase in the value of the BET surface area (ca. 1778 m?/g) of the 5 % Co doped
ZIF-8 compared to the one of the pure ZIF-8 (ca.1424 m?/g). The N> isotherms of 5 %

Co doped ZIF-8 shown in Figure 32 is a Type I isotherm like the one of ZIF-8.
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Figure 32: N> adsorption and desorption isotherm of 5 % Co doped ZIF-8 at 77 K.

In order to determine the final metal composition in each band, atomic
absorption analysis is conducted. The AA measurements of five consecutive bands in
each tube having different percentages of cobalt revealed that the cobalt cations are
equally distributed along the tube. For example, for the 20 % Co doped ZIF-8 the final
percentage of cobalt fluctuates between 7 % and 10 %. In most of the tubes, the
percentage of cobalt incorporated in the ZIF particles is close to the initial prepared

percentages, with no significant differences between the consecutive bands (Figure 33).
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Figure 33: Atomic percentage of cobalt incorporation in ZIF-8 particles measured via
AA for diferent initial ratios of Co?* in 5 consecutive bands of the tubes.
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CHAPTER IV

SYNTHESIS AND CHARACTERIZATION OF ZIF-7 VIA THE
REACTION-DIFFUSION FRAMEWORK

A. Introduction

Zeolitic imidazolate framework-7 (ZIF-7) is another well studied ZIF material.
First discovered by Park et al, ZIF-7 is formed by the coordination of the zinc ions
(Zn") with the benzimidazolate linker [10]. Each zinc ion is tetrahedrally coordinated
by four nitrogen atoms from the benzimidazolate building block. The first attempt to
synthesize ZIF-7 crystals was done solvothermally in DMF at 130 °C [138]. Unlike
ZIF-8, ZIF-7 exhibits a rhombohedral sodalite topology with two distinctive six-
membered rings and one type of four- membered ring. The six-membered rings of the
structure form two types of cavities identified as the preferred adsorption sites for the
guest molecules (Figure 34) [139, 140]. Moreover, ZIF-7 has smaller pore windows (2.9
A). Therefore, ZIF-7 is considered an important material in the separation process of a
mixture of gases [141, 142]. In addition, ZIF-7 is considered the only ZIF with ZIF-9
that exhibits a phase change from its narrow-pore (np) phase to a large-pore (Ip) phase

upon heating in the absence of any guest molecules (Figure 34)[139].
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Figure 34: (A) The crystal structure of ZIF-7. The blue tetrahedra represents the ZnN4
tetraheda and the yellow sphere represents the space in the ZIF-7 cage with the two
structures predicted by the molecular dynamics showing (B) the narrow-pore phase and
(C) the large-pore phase. Reprinted with the permission of ref [138]. Copyright 2015
American Chemical Society and with permission of ref [137]. Copyright 2016
Processes.

Like other ZIFs, ZIF-7 was synthesized by the traditional synthesis techniques
including the solvothermal technique, the microwave assisted technique and many
others. In the upcoming section, we will discuss the successful synthesis of ZIF-7
particles at room temperature using RDF. The characterization of the obtained powder
using PXRD, SEM, BET and TGA will be also discussed. Finally, we will investigate
the effect of different reaction parameters (zinc ions concentrations, benzimidazole
concentration, agar percentages and temperature) on the size of the particles in addition

to the various laws emerging from the Liesegang instability.

B. Results and Discussion

1. Powder X-Ray Diffraction of ZIF-7 Crystals
The white precipitate is collected, washed and dried to be identified using the
PXRD. The recorded patterns are compared to the calculated from the crystal structure

(Figure 35). The perfect match of the locations of the main peaks at 20: 7.14° (-111),
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7.68° (110), 12.07° (012), 13.33° (030), 15.41° (220), 16.27° (-132), 18.55° (113),

19.61° (312), 21.09° (042) and 22.91° (-243) indicates the high crystallinity and the

phase purity of our ZIF-7 crystals.
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Figure 35: PXRD of the simulated ZIF-7 crystals and the synthesized ZIF-7 particles
via RDF.

2. Scanning Electron Microscopy Analysis and Particle Size Distribution of ZIF-7
Crystals.

Contrarily to the Liesegang of the ZIF-8 system, the Liesegang banding
phenomenon is well resolved in the ZIF-7 system, so the bands are separated
individually. Five consecutive bands are separated from the same tube and the
morphology of the ZIF-7 particles in each band is examined using the SEM (Figure 36).
Spherical particles of an ascendant size are obtained as the position of the band is

farther from interface along the tubular reactor (between 200 nm in the first band and 5
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pum in the fifth band). A similar trend of the ZIF-8 growth, which is characteristic of this

synthesis technique is obtained for the ZIF-7 system.
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Figure 36: (A) SEM images showing ZIF-7 particles synthesized via RDF (the scale
bar is 2 pm) and (B) a graph of the particle size growth over 5 consecutive bands.
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3. BET Surface Area of ZIF-7 Crystals

In order to determine the surface area of ZIF-7 particles, N> uptake isotherm was
measured at 77K. As expected, negligible amount of N> was adsorbed by ZIF-7
particles and the calculated surface area was found to be less than 10 m?/g. This is due
to benzene rings located at the pore opening of ZIF-7 structure. This was also observed
by Thompson et al. [143] where they proved that the inclusion of benzimidazole rings

in the framework leads to a dramatic decrease in its surface area compared to ZIF-8.

4. Thermal Stability of ZIF-7 Crystals

The thermal stability of ZIF-7 is examined using the thermogravimetric analysis
(TGA). The TGA curve in Figure 37 shows that the sample is stable up to 500 °C.
Three major losses are observed in the curve. The first at 100 °C is attributed to the loss
of adsorbed water, whereas the second one at 200 °C corresponds to the unreacted

species and the remaining DMF in the pores and the destruction of the framework starts

at 500 °C.
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Figure 37:Thermogravimetric curves of ZIF-7 under nitrogen atmosphere with a
heating rate of 5 °C. min! and a temperature between 30 °C and 1000 °C.
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5. Yield of ZIF-7 Crystals via RDF

ZIF-7 crystals are synthesized in large scales in addition to the synthesis in the
test tubes. The similar Liesegang phenomenon is observed when going from a 15 mL
solution in a test tube to a 300 mL beaker (Figure 38). Moreover, the structural and
morphological features of the particles are preserved. This important result shows that
RDF technique could be potentially used at the industrial level to produce large scale of

ZIF materials.

Figure 38: Preparation of ZIF-7 using the RDF process at different scales in larger
volumes.

6. Effect of the Zinc Source and Solvent

Common zinc sources (zinc nitrate, bromide and chloride) are tested for the
synthesis of ZIF-7 particles (Figure 39). Additionally, the reactions are performed in the
absence and in the presence of DMF in the inner solution. However, in all cases, the
organic linker in the outer solution is dissolved in an equivalent volume of water and
DMEF (1:1). By removing the DMF from the inner solution, our aim is to reach an

environmentally friendly technique.
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Interestingly, white precipitate is formed in all the tubes. It is collected and
prepared for characterization and identification using the PXRD and SEM. The
structural analysis of the powder reveals the formation of pure ZIF-7 in all tubes.
Moreover, the morphology is not affected by these different experimental conditions
(Figure S1 and S2 in the appendix). Nevertheless, Liesegang banding is only observed

when the chloride and the bromide salts are used in the presence of DMF.

(A) (B) (@) (D) (E) (F)

Figure 39: Synthesis of ZIF-7 using different zinc sources (A) nitrate in water, (B)
nitrate in water and DMF, (C) chloride in water, (D) chloride in water and DMF, (E)
bromide in water, (F) bromide in water and DMF.

7. Kinetic Study on the Particle Size Evolution

To follow the evolution of the nucleation and growth of ZIF-7 particles at a
specific time, four identical tubes are prepared with [Zn?*] = 20.0 mM as an inner
solution, [BenzIm] = 1.0 M as an outer solution and 1 % agar gel at 25 ° C. After
discarding the outer solution at a specific time (1 minute, 3 minutes and 5 minutes), the
white precipitates are collected and prepared for characterization using PXRD and
morphological examination using SEM. The PXRD patterns reveals that these white
precipitates are formed of ZIF-7 particles (Figure 40). Moreover, the SEM micrographs
in Figure 41 show that spheroids of 100 nm are obtained from the first minute to reach

500 nm after 5 minutes.
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Figure 40: PXRD pattern of ZIF-7 particles at 1 min after the diffusion of the outer
electrolyte.
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Figure 41: SEM images showing the kinetic of growth of ZIF-7 at different times:
(A) 1 minute, (B) 3 minutes and (C) 5 minutes with a zoomed in figure of the
spheres (inset) .The scale bas is 1 pm.

8. Liesegang laws
Using the Adobe Photoshop program, the positions x, and the widths w, of each
band »n are measured to verify the scaling laws governing the Liesegang banding

phenomenon.
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a. Spacing Law

The concentrations of the zinc ions and the benzimidazole solutions are changed
to study their effect on the spacing of the consecutive bands for this system. The
position x, of each band for different inner and outer concentrations separately are
plotted versus the band number # (Figure 42). Theses graphs show a direct spacing in
the Liesegang phenomenon appearing in the ZIF-7 system. The reported values of the
spacing coefficient p (eq. 1) are extracted from the slopes of the linear plots of x,+1
versus x, and shown in Table 6. For different inner concentrations and constant outer
concentration (0.7 M), p ranges between 0.16 and 0.18 with no trend following the
increase of the inner concentrations. However, with the increase of the outer
concentrations with constant inner concentration (20.0 mM) p decreases from 0.22 to
0.16.

Table 6: The spacing coefficient p at different inner concentrations ([Zn**]) and
different outer concentrations ([BenzIm]).

p
Inner concentrations [Zn*] Outer concentrations [BenzIm]
5mM 0.155 (2) 0.5M 0.219 (4)
10 mM 0.188 (4) 0.7M 0.163 (7)
20 mM 0.163 (5) IM 0.154 (9)
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Figure 42: The position x, of the consecutive bands plotted versus their number n
showing the direct spacing in the ZIF-7 precipitation system for (A) for different [Zn**]
and (B) different outer [BenzIm)].

b. Width Law

The width w, of each band is also measured at different inner and outer
concentrations. The width w, of each band is plotted versus its number n (Figure 43)
and the width coefficient ¢ is calculated as the slope of the plots wy,+; versus w,. The
values of ¢ are represented in Table 7. It is intriguing to realize that for different inner
concentrations and a fixed outer concentration of 0.7 M, g decreases with the increase
of the inner concentration, thus opposing the trend observed for ZIF-8. Whereas for
different outer concentrations and a fixed inner of 20.0 mM, no clear trend is observed.
Moreover, the In-In plots of the band width w, versus its position x, are plotted and the
values of the slope a are represented in Table 8.

Table 7: The width coefficient ¢ at different inner concentrations ([Zn?*]) and different
outer concentrations ([BenzIm]).

q
Inner concentrations [Zn*] Outer concentrations [BenzIm]
5mM 1.523 (6) 0.5M 1.125 (4)
10 mM 1.191 (7) 0.7M 0.986 (8)
20 mM 0.986 (4) IM 1.370 (6)
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Figure 43: The width w, of the consecutive bands plotted versus their number n
showing the direct spacing in the ZIF-7 precipitation system (A) for different [Zn?*]
and (B) different outer [BenzIm)].

Table 8: The width exponent @ for different inner and outer concentrations.

Inner concentrations [Zn>*] Outer concentrations [BenzIm]

5 mM 10mM | 20mM | 05M 0.7 M M
a | 0741 (3) | 0.774(2) | 0.867(4) | 0.946 (5) | 0.853(5) | 0.781(9)

R? 0.975 0.985 0.966 0.968 0.955 0.965

c. Matalon-Packter law

The spacing coefficient p is plotted versus the inverse of the outer
concentrations ( a—lo ) for three different inner concentrations by. According to the
Matalon-Packter law, the F(b9) and G(by) functions are calculated as the y-intercept and
the slope of the plot, respectively. The corresponding values of G(by) and F(by)

presented in Table 9 show that the first one is a decreasing function of by whereas the

second one is an increasing function of b.
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Table 9: Values of the functions G(by) and F(by) for different initial inner
concentrations by.

bo =[Zn*"] G(bo) F(bo)

5mM 0.084 (1) | 0.056 (3)

10 mM 0.028 (4) | 0.148 (7)

30 mM 0.029 (4) | 0.169 (6)

9. Size and Morphology of ZIF-7 Crystals

The control of particle size and morphologies is very important and challenging
in material synthesis and applications. The conventional synthesis techniques lack from
the ability to control the size of the particles synthesized. However, the Reaction-
Diffusion framework allows us this control by varying different experimental conditions

including the inner and the outer concentrations, the gel thickness and the temperature.

a. Effect of the inner concentration [Zn*"]

The effect of the concentration of the zinc ions on the size of the particles is
studied where for fixed agar percentage (1%), fixed outer concentration ([BenzIm]= 0.7
M) and at a fixed temperature (25 °C), three tubes are prepared with three different
inner concentrations [Zn?"]. The SEM images (Table S5) of the crystals extracted from
consecutive bands of the three different tubes show that the increase in the zinc ions
concentrations is accompanied with an increase in the particle size (Figure 44). For
example, for [Zn>"]= 10.0 mM at the fourth band, the particles are of 1.5 um. Whereas
for [Zn?*]= 20.0 mM, the average diameter of the particles in the same band is ~ 4 pm

and reach ~ 6 pm for [Zn?*]= 30.0 mM. This trend is explained by the increase of the
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supersaturation with the increase of the inner concentration, yielding bigger particles

with higher inner concentrations.
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Figure 44: Particle size of ZIF-7 crystals at different inner [Zn?*].

b. Effect of the outer concentration [BenzIm]

The size of the ZIF-7 particles is also affected by the concentration of the
organic linker for the same concentration of zinc ions [Zn?*] (the same agar percentage
(1 %) and at the same temperature (25 °C)). Figure 45 shows that the particles are
smaller when the concentration of the benzimidazole solution increases at fixed inner
concentration. For example, for a concentration of 0.5 M, the average diameter of the
particles at the 5" band is ~ 4 um. For 0.7 M of benzimidazole, the average diameter of
particles in the 5" band is ~3 pm. However, for 1.0 M of benzimidazole, the average
diameter in the same band is ~2 pm. This trend is due to the decrease of the

supersaturation gradient with the increase in the outer concentration at fixed inner
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concentration. The SEM images of the different consecutive bands of each tube at

different outer concentrations are reported in Table S6 in the appendix.
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Figure 45: Particle size of ZIF-7 crystals at different outer [BenzIm)].

c. Effect of the Agar percentage

For fixed inner and outer concentrations, [Zn?>"] = 20.0 mM and [BenzIm]= 1.0
M respectively and at a constant temperature (temp = 25 °C), the percentage of agar is
changed to study its effect on the particle size. Figure 46 shows that the increase in the
agar percentage induces a decrease in the particle size within the same tubular reactor.
For example, at 0.5 % the particles at the fifth bands are of 4.5 pm, at 1 % the size
decreases to 3 um and reaches 1.5 pum at 1.5 % of agar in the same bands. This trend
might be due to the decrease of the average pore size of the agar followed by an
increase in the nucleation sites. The SEM images of the consecutive bands for three

different agar percentages are shown in Table S7.
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Figure 46: Particle size of ZIF-7 crystals at different agar percentages.

d. Effect of Temperature

The effect of the temperature on the size of ZIF-7 particles is also investigated.
Three different tubes with fixed inner concentration ([Zn?*] = 20.0 mM), outer
concentration ([BenzIlm] = 1.0 M) and agar percentage (1 %) are prepared at three
different temperatures (7 °C, 15 °C and 25 °C). The average particle size increases with
the increase of the temperature as shown in Figure 47. When the temperature increases,
the rate of crystal growth increases too, thus leading to an increase in the particle size.
For example, at 7 °C at the third band, particles of 1.2 um are obtained and at 15 °C,
particles of 1.8 pm whereas at 25 °C and at the same band particles of 3.4 um are
formed. Moreover, the SEM images shown in Table S8 demonstrate that the

morphology of the particles is not affected by the temperature.
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Figure 47: Particle size of ZIF-7 crystals at different temperatures.

Finally, we can conclude that the concentration of the inner electrolyte has the
most important effect on the particle size. In fact, the biggest particles are obtained
when the concentration of the zinc ions reached 30 mM.

10. Size law

A new law relating the size of the particles in each band (sn) to its position (x,) is
introduced. Six tubes with different inner concentrations raging from 5 mM to 20 mM
are prepared with a constant outer concentration of 0.7 M and the consecutive bands are
extracted and washed to measure their particle size. The average particle size in each
band is plotted versus the band position in Figure 48. The obtained plots clearly show
an increase of the particle size s, as a function of the position of the band x, which can

be fitted as a power law:
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where the exponent o is extracted from the In-In plots of s, versus x,. Furthermore, o

increases with the inner concentration [Zn**] as shown in Table 10.
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Figure 48: Particle size (um) versus the position of the bands x, for different inner

[Zn?"].

Table 10: The exponent o extracted from the slopes of the In-In plots of the particle
size versus its band position for different inner [Zn?*].

Inner [Zn*]

5 mM

10 mM

12 mM

13 mM

15 mM

20 mM

0.73

0.85

1.41

1.37

1.51

2.46
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Moreover, this law is also studied for different outer concentrations. Three
different tubes of different outer concentrations ([Benzlm]) of 0.5 M, 0.7 M and 1.0 M
at constant inner concentration ([Zn**] = 20.0 mM) and 1 % agar are prepared.
Similarly, the consecutive bands are collected after measuring their position x,, and the
average particle size s, in each band is thereafter measured. The plots of s, versus x, are
shown in Figure 49. Particularly, an overlap of the plots is observed for different outer
concentrations ([BenzIm]) at a constant inner concentration ([Zn**]). The power
exponents extracted from the In-In plots of s, versus x, do not show any significant
change as a function of the outer concentration [Benzlm]. This is probably due to the
fact that the outer concentration is in excess and what determines the final size is the

limiting inner concentration.
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Figure 49: Particle size (um) versus the position of the bands x, for different outer
[BenzIm)].
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Table 11: The exponent o extracted from the slopes of the In-In plots of the particle
size versus its band position for different outer [BenzIm].

Outer [Benzlm]

0.5M 0.7M IM
o 1.46 1.64 1.67

This size law is a direct consequence of the competition between the nonlinear
rates of nucleation and growth of crystals resulting from a changing supersaturation

gradient along the tube.
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CHAPTER V

CONCLUSION AND FUTURE WORK

A. Conclusion

In this work, a novel method is used for the synthesis of zeolitic imidazolate
frameworks (ZIFs). This method is based on the diffusion of an outer solution into an
agar gel containing the inner solution where a precipitation reaction takes place leading
to the formation of the ZIF crystals. This method is applied for the most studied ZIFs,
ZIF-8, ZIF-7 and ZIF-67. The first one is formed of the tetrahedral coordination of the
2-methylimidazolate with zinc ions, whereas for ZIF-7, the 2-methylimidazolate rings
are substituted by the benzimidazolate rings. However, ZIF-67 is formed of the
coordination of cobalt ions with 2-methylimidazole. Remarkably, the non-linear
coupling between the reaction and the diffusion with the nucleation and growth of the
crystals results in the formation of Liesegang bands with direct spacing. This banding
phenomenon is based on the formation of a series of alternating bands separated by
precipitate free-zones. The alternative bands, formed of the crystals, are extracted and

characterized using PXRD, SEM, BET and TGA.

The reaction-diffusion framework (RDF) allows us to control the size of the
particles within the same tubular reactor. Different particle sizes are obtained within the
same tube in each band of the Liesegang system. For this aim, different reaction
parameters, including the concentration of the zinc ions, the concentrations of the
organic linker, the agar percentage and the temperature, were changed for both systems

to study their effect on the particle size and the morphology. Additionally, this
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technique is applicable for big scales where ZIFs are obtained in large yields. By using
the gel matrix, the kinetic of the growing particles is slowed down. Thus, we are able to
monitor the transition from nuclei to complete crystals at different time scales.
Moreover, the scaling laws of this specific Liesegang system in ZIF-8 and ZIF-7,
including the spacing law, the width law and the Matalon-Packter law, are determined,
and their effect on the crystal size distribution is studied, in addition to the introduction

of a new size law.

Furthermore, mixed metals ZIFs were also synthesized using RDF in a
controlled manner. Different ratios of cobalt and zinc ions are used for the synthesis of
Co-doped ZIF-8. The exact doping percentage in each band is determined using atomic

absorption (AA).

B. Future Work

After synthesizing the ZIF particles using this novel technique, a preliminary
study was done in order to use them as a photocatalyst support of formic acid under
UV-Vis irradiation (LCS8 spot light Hamamatsu, L10852, 200 W)) and in dark. The
photo-decomposition of formic acid (FAc) leads to the formation of carbon dioxide or

carbon monoxide, according to the two pathways:

HCOOH & CO, + H, AG® = — 48.4 kj.mol ™1 (1)

HCOOH & CO + H,0 AG® = —28.5 kJ.mol ™1 2)

Hydrogen is considered one of the most promising clean energy carriers.

However, its use as carbon-free fuel source lacks from appropriate storage techniques
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Recently, formic acid (HCOOH, FAc), a by-product of many chemical processes, is
widely used for the production of hydrogen since it is nontoxic, liquid at room
temperature and has high gravimetric (4.4 wt %) and volumetric (53.4 g/L) H, capacity
making it a very promising liquid hydrogen carrier [144, 145].

The CO» and CO evolutions during the photocatalytic splitting of FAc is
monitored in real-time using a new in-situ FTIR reactor, while the amount of produced
H; is determined using Gas Chromatography (GC).

The first results show that 20 % Co-doped ZIF-8 is more efficient than ZIF-8
holding the Pt metal. This indicates that doping with cobalt has a positive effect on the
enhancement of the photocatalytic properties of ZIF-8 under this irradiation condition.
This can be attributed to the higher visible light absorption by the doped version.
Moreover, Pt plays an unfavorable role in the photocatalytic splitting of FAc as
demonstrated in Figure 50. When the Pt is present the concentration of CO> decreases

for the 20 % Co-doped ZIF-8.
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Figure 50: The evolution of the of CO> concentration (ppm) versus irradiation time
during the photocatalytic decomposion of FAc on ZIF-8, 20 % Co-doped ZIF-8 and
20 % Co-doped ZIF-8 as catalyst support for Pt .

74



The concentrations of CO», H> and CO calculated for the four used samples are
shown in Figure 51. The low amount of CO indicates that the photo-decomposition of

formic acid in the presence of ZIF-8 and 20 % Co-doped ZIF-8 is directed towards the

pathway (1).
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Figure 51: Bar graphs showing the concentrations of CO2, Hz and CO (in ppm) for
different samples used.

According to these preliminary results, more experiments will be carried out by
changing various experimental conditions including the type of irradiation and the

duration of irradiation along with other conditions.

75



APPENDIX

Table S1: SEM images showing the growth of ZIF-8 particles at different inner
concentrations [Zn?"] and outer [HmIm] = 1 M in consecutive bands (1 % Agar, 25 °C).
The scale bar is 1 pm.

[Zn *]




Table S2: SEM images showing the growth of ZIF-8 particles at different outer
concentrations [HmIm] and inner [Zn *] =20 mM in consecutive bands (1 % Agar, 25
°C). The scale bar is 2 um.
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Table S3: SEM images showing the growth of ZIF-8 particles at different agar
percentages with constant inner and outer concentrations ([Zn**] =20 mM, [HmIm] = 2
M) at 25 °C in consecutive bands. The scale bar is 2 um.
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Table S4: SEM images showing the growth of ZIF-8 particles at [Zn?>"] =20 mM,
[HmIm] = 1.5 M, at 1 % agar and different temperatures (°C) in consecutive bands. The
scale bar is 2 pm.

Temperature
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Figure S1: SEM images of the synthesized ZIF-7 particles using different zinc sources
((A): zinc nitrate in water, (B): zinc nitrate in a 1:1 ratio of DMF and water, (C): zinc
chloride in water, (D): zinc chloride in a 1:1 ratio of DMF and water, (E): zinc bromide
in water and (F): zinc bromide in a 1:1 ratio of DMF and water).

\

Zinc Bromide in water and DMF
Zinc Bromide in water

Zinc Chloride in water and DMF
Zinc Chloride in water

Zinc Nitrate in water and DMF

Zinc Nitrate in water

Simulated

Intensity (a.u.)

Figure S2: PXRD patterns of the synthesized ZIF-7 using different zinc sources.
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Table S5: SEM images showing the growth of ZIF-7 particles at different inner
concentrations [Zn?*] and outer [BenzIm] = 0.7 M in consecutive bands (1 % Agar, 25
°C). The scale bar is 2 um.

[Zn*"]

Table S6: SEM images showing the growth of ZIF-7 particles at different outer
concentrations [BenzIm] and inner [Zn?*] = 20 mM in consecutive bands (1 % Agar, 25
°C). The scale bar is 2 um.
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[BenzIm]
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Table S7: SEM images showing the growth of ZIF-7 particles at different agar
percentages with constant inner and outer concentrations ([Zn?>*] =20 mM, [BenzIm] =
1 M) at 25 °C in consecutive bands. The scale bar is 2 pm

Agar
Percentage

0.5 %

Band 1
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Table S8: SEM images showing the growth of ZIF-7 particles at [Zn?>"] =20 mM,
[BenzIm] =1 M, at 1 % agar and different temperatures (°C) in consecutive bands. The
scale bar is 2 pm.

Temperature
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