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Abstract

Starting with the industrial revolution, global energy demand grew rapidly and fossil fuels began
to be used to meet the energy demand. The consumption of fossil fuels increased rapidly with the
improvement in technology and growth in population and thus became a treat to our
environment. In order to replace fossil fuels with the green energy, alternative energy storage
devices are necessary. Currently used Li-Ion batteries are far from satisfying the world’s needs
and metal-air batteries are promising candidates thanks to their high energy density (1084 Wh
kg-1) while utilizing one of the most abundant elements in the world, zinc. However, the necessary
reactions for metal-air batteries--Oxygen Reducing Reaction (ORR) and Oxygen Evolution
Reaction (OER)--are highly sluggish, and this delays the industrialization of metal-air batteries.
Catalysts are strictly needed to guide these reactions and change their paths. Although some noble
catalysts like, Pt for ORR and IrO2 and RuO: for OER possess established efficiencies, these
materials are rare and expensive, and thus are not optimal for industrialization but rather used
for research purposes. Metal organic frameworks (MOFs) derived materials are alternative to
noble catalysts, thanks to their high tunability, high surface area and hierarchical porous
structure. MOF-derived materials often need high pyrolyzing temperatures for graphitization and
alsoremoval of metal centers. As an alternative Cd based MOF derived materialis offered because
of the low boiling temperature of Cd (767 °C). Cd MOF’s were synthesized by various modulating
ligand ratios and synthesis times which resulted in different morphologies and particlessizes. Zn-
ZIF-8 with various modulating ligand ratios were also synthesized in order to obtain similar
particle size for optimal comparison. Samples were pyrolyzed in different temperatures,
temperatures thatare higher and lower than Cd boiling temperatureand characterized. ORR and
OER measurements wereexecuted tounderstand the catalytic performance of Cd and Zn samples.
Pyrolyzed Cd samples have shown much smaller CV plot, which indicates lower double-layer
capacitance thus much lower surface area. Despite having much lower surface areas, pyrolyzed
Cd samples have shown better or similar catalytic performance in ORR and much smaller Tafel-
slopes, which were on par with reference Pt/C catalyst. OER performances of the both samples
were not good. The promising results gained from Cd catalysts have shown that more
investigation is necessary to increase the surface area in order to be used in metal-air battery

applications.
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Chapter 1. Introduction

In the second halfof the 18th century, the industrialrevolution was started in the United Kingdom
and the demand for energy increased rapidly. Since the beginning of this development and the
increase in the world population, the energy need for devices was met mainly by fossil fuels. Fossil
fuel burning is a major threat to the global environment by increasing the average global
temperature and CO: concentration in the atmosphere [1lalso threatening future generations &
and the yield of major agricultural cropsil etc. Because of these negative effects, environmental-
friendly clean energy, so-called “green energy” is examined. Several kinds of renewable energy
sources have recently begun to replace fossil fuels but the focus is given in to electrochemical
energy storage devices, because of the newly emerging and expanding electrical vehicle market %
51, Lithium-ion batteries are a great success after they entered the market in the late 90s.
Continuous developmentis aimedtoincrease the energy and powerdensity and itis believed that
improvements in Li-ion technology can increase the energy density by 30% at most[6l. When
limited expected improvementin Li-ion batteries added to the existing safety issues and problems

regarding Lirecycling, are createda new search for energy storage devices [71.

Metal-air batteries are the most promising candidates to replace older energy storage solutions
because of their high theoretical densities, [8-111low cost, compactness, light-weight and safety in
handling[9 12-14], Metal-air batteries have taken the interest because of their higher theoretical
density which is even a few times more than the best performing Li-ion batteries [151. Metal-air
batteries were researched much earlier than lithium-ion batteries and commercially entered the
marketin 1932. The abundant problems related to metal anodes, electrolytes and air electrodes
however hamperedtheirdeployment(6l. Although Li-air batteries possess the highesttheoretical
energy density (5200 Wh kg-1)[17], Zn-airbatteriesare in the spotlight because of their cost, safety,
abundance, and relatively high energy density (1084 Wh kg-1), which is already four times higher
than those of the best current Li-ion batteries [13. 18], Air battery components are indicated earlier
and the most complicated part is the air electrode which includes a gas diffusion layer and an
oxygen electrocatalyst layer [19. The ORR (Oxygen Reducing Reaction) taking place at the air
electrode is performance-limiting in metal-air batteries because of the sluggish behavior of ORR
[15]. In addition to that, the reverse reaction of ORR, OER (Oxygen Evolution Reaction), is a crucial
reaction when the future of metal-air batteries is considered because it is the active reaction in
the recharging process. Therefore, the creation ofan air electrode that works as a catalystin ORR
and OERis a highly focused subject by the community. A lot of studies were conducted regards to
ORR because itis happeninginthe discharge processbutless attention was given to OER which

occurs during the charging process.



Catalystsare strictly needed toachievehigh reaction rates and theybasically serveas a guide that
can speed up and change the path of a chemical reaction. Several materials have an established
efficiency, Ptfor ORR and IrO; and RuOzfor OER, which arequite rarein the earth’s crust and fairly
expensive. In addition to that, these two reactions have different characteristics and thus,
materials thatare currently used are not applicable for both reactions. Because of these reasons,
a search for cheaper and better alternatives are active. Porous carbon catalysts are the most
promising alternative because of their high chemical and mechanical stability, excellent tunability
of pores and surface properties, good electrical conductivity and thermal stability, high surface
area, and easy application on top of their low cost [20l. In general, most of the porous carbon
materials can be produced with simple thermal decomposition and possess the properties
mentioned above with a lack of irregularities in their pore sizes and connection, which severely
prohibits their application. To prevent this, templates are introduced in the production process
which can be separated as hard and soft templates. Hard templates are rigid and insoluble molds
that already possess the desired pore structure. Although most of the porous carbons can be
produced efficiently with this method, the technique is highly expensive and work-intensive
which limitsits used fields [20]. The soft-template method, on the other hand, can be applied to a
limited number of samples because of the decomposition of organic matter in high temperatures

which is needed for complete carbonization [201.

Recently, MOF (Metal-Organic Frameworks), constructed with metal ions and organic ligands,
which canbe seenin figure 1, are used as a sacrificial template in the creation of different carbon-
based materials that include heteroatom-doped and metal oxide decorated porous carbons with
the help of thermal decomposition under Ar and Nz atmospheres to replace expensive catalysts.
This production route enables scientiststo obtain carbon-based materials with high surface areas
and offers them extensiveroom to change the porosity and functionality of the material with other
heteroatoms for each specific application. Thus, MOF-derived materials can be used in various

fields such as energy, environmentand medicine [201.
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Figure 1: Components and structure of MOF's [21]

In most cases, a high surface area and hierarchical porous structure correlate with a good
sacrificial MOF-derived material as an electrocatalyst. High-temperature thermal decomposition
promotes a higher surface area with larger pores but also the destruction of ordered structures

[20], Because of this reason, a new type of sacrificial material that has a transition metal with a

lower boiling temperature is investigated.



Chapter 2. Literaturereview

2.1. Metal-air batteries

2.1.1. Elements used in metal-air batteries

Metal-air batteries consist of five parts; a metal-based anode, an alkaline or salt-based electrolyte,
a separator, an air cathode, and a gas diffusion layer which can be seen in figure 2. Oxygen is the
active material in the positive electrode which isavailablein ambient air. The advantages of using
oxygen as a cathode material comes from its highly oxidizing characteristics, light weight, and
abundance. In addition to that, there is no need for cathode material and this leads to a fully
packed battery witha metal-based anode. Inorder to usethe fulladvantages of metal-air batteries,
anode material needstomeet certainrequirements [19]. Basically, it should have a strong reducing
power to give high energy voltage, low molecular weight with high density and large valance

change,and moreover, it should be abundant in natureand environment friendly.

Gas diffusion layer

- —— Catalyst layer

Separator
Electrolyte

Zinc electrode

Figure 2: Schematic of an aqueous rechargeable zinc-air battery [7]

In recent years, lithium, aluminum, zinc, and iron-based metal-air battery have received much
scientificattention. Theoretical energy densities of these materials are given in table 1 below. As
the theoretical energy densities of Li and Al are much higher than that of Zn and Fe, these materials
have attracted the attention of researchers and industries in the first place. Although Li-air
batteries have the highest energy density, their high hazard potential in water containing
environments and high cost due to limited lithium resources have critically impeded their

commercialization [5 22, 23],



Table 1: Theoretical energy densities for different types of metal-air batteries 7 15]

Metal-air Batteries Theoretical Energy Densities Volumetric Energy
(Whkg1) Densities (Wh L-1)
Lithium 11429 7989
Aluminum 8076 10347
Zinc 1353 6136
Iron 1229 3244

Aluminum is another option for metal-air batteries with high theoretical energy density and
reducing power. In addition toits high energy density, itis the second most abundant element in
the world after silicon and it is known for its non-toxicity and high recyclability [19]. Aluminum-air
batteries have a short shelflife because of hydrogen evolution even under open-circuit conditions
[24]. Electrolyte and negative electrode connections should only be established just prior to use
because ofthe corrosive behavior of aluminumin alkaline aqueoussolution as indicated i n several
papers. These drawbacks given for the Li and Al lead scientists to focus on other metals such as
Zn.

Zincis the only metal-air battery thatis already commercialized. Itis used in medical devices such
as hearingaids and wireless messaging devices [251. Zinchas less energy density when compared
with Liand Al but overall more stable and because of that chargingin aqueous electrolytes can be
done more efficiently [l In addition to that, according to Cano et al., zinc metal has a relatively
high volumetric energy density comparable tolithium-airwhich can be seenin table 1 withall the
other elements. High volumetric density is crucial when new and compact technological devices
are considered such as smartphones and electrical vehicles. Despite Li and Al, zinc can be used
more safely especially in front of an automobile, which provides necessary oxygen supply to the
air batteries while it is moving forward [”l. Zinc is also the fourth most abundant metal in the
world, 300 times more than lithium (qtd. in Toussaint et al., 2010). According to the European
Environment Agency’s projection about electric vehicles in 2050, 80% of the vehicles will be
electricand this willrequire much more material than demanded today [2¢. For this purpose, more
abundant, safer and higher capacity energy storagesolutions are needed, and Zn-airbatteries are

the most promising alternativeto focus on.

2.1.2. Charge and discharge mechanism of metal-air batteries

Metal-air batteries can be divided into two sub-categories depending on their charging

mechanism, either mechanically or electronically. Mechanically charged metal -air batteries, also



called primary batteries, only discharge and after the full capacity of the battery is used, the zinc
anode is replaced mechanically with a fresh one. On the other hand, in electronically charged
metal-air batteries, also referred to as rechargeable/secondary batteries, both discharge and
charge reactions happen and no intervention is needed during their lifetime. Mechanically
charged metal-air batteries suffer from poor electrode reversibility and unstable bifunctional air
electrodes, but it is costly to establish a network for zinc recharging and supplying [7]. Air

electrodes sufferin the electrically recharging process because of the relatively high voltages[5 7

9],
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Figure 3: Charge and discharge mechanism ofZn-air battery [27]

As in the conventional batteries two separate reactions take place at different electrodes in the
discharge process and it is performed only electronically. At the air electrode (cathode), oxygen
from the atmosphere is dispersed into the electrode because of the oxygen pressure difference
inside and outside [13]. This electrode is only permeable to oxygen, but to the electrolyte [28]. In
ORR, oxygen tends to be in the gas phase because of its low solubility and diffusivity in alkaline
electrolytes [51. So a three-phase boundary is formed with, gas (air), liquid (electrolyte), and solid
(catalyst), where ORR happens 5. As the size of thisboundary is increased, more oxygenis gained

through the air. Representation of this zone is indicated in figure 4 with ared circle.

Catalytic active layer

Gas diffusion layer

electrolyte catalysts porous carbon
separator

Figure 4: Three phase boundary in air cathodel3]



The hydroxide ions carried through the alkaline electrolyte oxidize the zinc metal on the anode
side and the electrons generated are carried through an external connection to the positive
electrode 131 In the discharging step of Zn-air batteries, the reactions occurring in different

electrodes can be listed as:

Anode: Zn =S In%t + 2e” (69)]
Zn?* + 40H™ - Zn(OH)Z" 2)
E° = —1.25Vvs.SHE

Cathode: 0, +2H,0+ 4e™ - 40H™ 3)
E°= 0.4V vs.NHE
Overall Reaction: 2Zn+ 0, —» 2Zn0 E° = 1.65V vs.SHE 4)

Practical working voltages of zinc-air batteries are lower than 1.65V as a result of the internal
energy loss [131. Because of that, the obtained energy density is in the range of 350 - 500 Wh/kg
(151, This value is limited because of the inefficiency of the air cathode and it is therefore not
applicable for commercial use. They are commercially available in only low power requiring

applications such as hearing aids.

The difference between these two configurations of batteries is already mentioned in anode stand
pointand arepresentation can be seenin figure 5. Otherthan that, they also differ in air electrode.
In rechargeable metal-air batteries, the OER and ORR take place in the cathode whereas in
primary batteries only the ORR reaction occurs in the cathode, which will be discussed in detail

in the following section.
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Figure 5: Two zinc-air battery configuration [5]



2.2. Oxygen Reducing Reaction

ORR is heavily investigated because of the importance of converting energy especially in metal-
air batteries and fuel cells [29]. The performance of rechargeablezincair battery is heavily affected
by both the ORR and OER as it is seen from figure 6, which represents the polarization curves of
zinc-air batteries. Anode overpotentials are significantly smaller than cathode overpotentials. The
green arrow shows the overpotential of ORR and because of that, practical voltages are much
smaller than the theoretical voltage (1.65V).In order to produce an effective catalystfor ORR and

OER, firstly the reaction kinetics, electron pathways, and the overpotential behavior need to be

identified.
A
In alkaline solution
é Anode Cathode
2 Zn(OH),2 + 2e ++ Zn + 40H (aq) 0Oz(g) + 2Hz20 + 4e- +—+ 40H(aq)
: /
= L E., = 1.65 .
= <
E, < 1.65 (discharge)
EC = -1.25 j-/ . [ - -‘=l E® = 0.4
s Potential
= Overpotential for ORR
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w
=
o
. =
o
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Figure 6: Schematic polarization curves of zinc-air cell. Black line represents the equilibrium potential (1.65 V), red
and blue lines are discharge (>1.65 V) and discharge (<1.65 V) respectively [13]

2.2.1. Kinetics

Oxygenreducing reaction is largely investigated because of the energy convergence capacities and
use of it in sustainable energy storage devices. The reduction mechanism has two possible
pathways which are either 4 electron route from 02 to H20 or 2 electron route from Oz to H20>.
This mechanism was firstly introduced by Damjanovic et al. and modified by Wroblowa et al., to
simplify complex reaction pathways that are mentioned [29]. Reaction components and the end
products depend on the pH of the environment. In both media, 4 electron pathway is preferred.

Schematic pathways for ORR on N-doped carbon materials are given in figure 7 below.
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Figure 7: Schematic pathway of ORR on N-dope carbon materials [30]

In ORR, 4 electron pathway is preferred because of the efficiency gain in two-fold mechanism
when it is compared with partial two-electron mechanism in 2 electron pathway [31]. The

reactions for both routesin acidicand basic media can be given as follows:

In alkaline media:

4 electron pathway:

0, + 2H,0+4e™ —» 40H™ E° =0.401V vs.SHE (5)
Peroxide pathway:

0, +H,0+2e™ - HO,; + OH™ E°=—0.065 V vs.SHE (6)

HO; + H,0+ 2e™ - 30H™ E°=0.867 Vvs.SHE (7)
Inacidicmedia:

4 electron pathway:

0, +4H* +4e~ - 2H,0 E° =1.229V vs.SHE (8)
Peroxide pathway:

0, + 2H* + 2e™ - H,0, E° = 0.67V vs.SHE 9)

H,0,+ 2H* +2e~ -» 2H,0 E° = 1.77V vs.SHE (10)

Thermodynamic potentials of the reactions are given above are theoretical limits for these specific
reactions. Recharging efficiency is highly dependent on the difference between the actual and

theoretical potentials and the aim is to minimize it. In order to achieve that, kinetics of ORR



reaction must be fast [291. As described earlier, the kinetics of metal-air cathodes is slow and it
shows overpotential, which is expressed with 7.

n=E—Eg (11)
Where E is actual potential and E,; is equilibrium potential. Overpotential also consists of few

partsand theyare representedin equation 12.

N =MNgce T Neone T IR (12)
Nact 1S activation overpotential, and it describes charge transfer kinetics of the reaction [291. It is
available in everyreaction and dominant atlow polarization currents.
Neone 1S concentration overpotential and it is related to the limitations in mass transport and
dominant for high polarization currents [29],
iR is ohmic drop and it is electronical resistivity when corrosion happens in the reacting anode

and cathode product [29],

Equation that is related with overpotential is expressed in equation 13 and it is called Butler-

Volmer equation [291. The right side of the equation represents the cathodic branch since cathodic

currents are negative.
n 0% Fnc na0(1—a0)FnC
— jo
Io =iy, (e” rT  —e RT ) (13)

Where I is the oxygen reduction reaction current density, igz is the exchange current density,

N, is the number of electrons transferred in the rate determining step, a, is the transfer
coefficient, n,. is the overpotential of ORR, F is the Faraday constant, R is the gas constantand T

isthe temperature in Kelvin. In orderto obtain high currents at low overpotential either igz value

RT

should be large or should be small [32].

Nao aoF
Atlarge overpotentials, the right side of the equation, reversereaction, can be neglectedand the

simplified version can be written as:

L= 0% e 14
c oze ( )

When this equation is written in logarithmic form, it gives a linear plot which has the slope of -

i’LzR:, and called Tafel slope. When it is simplified like this, only variables are the transfer
a0 “0

coefficient and the number of transferred electrons. In the case of ORR, two Tafel slopes are

plotted using 60 mV/decand 120 mV/dec, which depend on the used electrode materials [32. High
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Tafel slope means that over potential increases faster withthe current density, and to obtain high
current densities with low overpotential, a, and n,, values should be high. Electron transfer
coefficientis an important parameter in Tafelslope and it increases linearly with the temperature.
In addition to that, this also explains why 4 electron pathway is preferred since it will decrease

the Tafel slope by halfwhen it is compared with the 2 electron pathway.
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Figure 8: Hypothetical Tafel Plot [33

Electron exchange current density is crucial when electrochemical reaction rate is considered. It
is called exchange because reaction can happenin both directions. The magnitude of this reaction
represents how quickly the reaction will occur.

The exchange electron current density depends on the reaction surface and the reaction itself
The materials thatare used in ORR reaction also have a major effect. Traditionally, noble metals
such as Ptor Auare used for such an application becausethe Oz reduction reaction presents higher

exchange current density.

The true electrode area and concentration of the reactant are other important factors that need
to be taken into account 32l. Especially MOF-derived materials create a huge difference in
electrode area when they are compared with the regular noble metals that are used as

electrocatalyst and will be mentioned in more detail in further sections.

2.2.2. Electrocatalyst for ORR

The kinetics that are mentioned above for the ORR at the cathode are important because it effects
the performance of metal-airbatteriesand fuel cells. Thereare severalissues regarding thattopic

and they are well researched in theliterature. Slow reaction kinetics and fuel crossover are two
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of the important ones. An electrocatalyst which favors the four-electron reduction pathway from
0 towaterisneeded. Ptisused asan ORR catalyst becauseofits activity and stability throughout
cycles, however, the commercial applications are limited due to low cycling ability when it is
compared with Li-ion and also the high cost. Although Pt is the best element for ORR, it still
presents overpotentials more than 400 mV from equilibrium reversible potentials, which ends
with oxide species formation on the Pt surface and hindering the performance [34. Some of the
electrocatalysts were heavily investigated and Pt group elements such as Pd, Ru and Irare upfront.
Other than these, some metal oxides with perovskite or pyrochlore structure, Pt doped CNT and
transition element clusters with organic ligands, like MOF’s are investigated to be used as an

electrocatalystin ORR applications [351.

2.2.3. Techniques to Investigate ORR and OER

Techniques thatare often used in ORR studies are cyclicvoltammetry, steady-state polarization

and rotating disc electrode (RDE)

Cyclic Voltammetry (CV)
Itis one of the easiestand most comprehensive techniques that are usedin electrochemistry. This
technique records the current thatis developed in a cell where a potential is applied to a working

electrode ata constant scanningrate in forward and reverse directions as a cycle.

A voltammogram typically shows a “duck” like shape because of the Nernst equation, which
describes the equilibrium. Nernst equation relates electrochemical cell potential to standard

potential of species and their individual activities [36]. Eqn.15 shows the Nernstequation:

_ o4 RT, (0%
E=E +nFln(Red) (15)

Elgrishi etal. claimed that“The Nernstequation providesa powerful way to predict how a system
will respond to a change of concentration of species in solution or a change in the electrode
potential.” Equation states when the E° is applied to a Me* solution, the Me* is reduced until
concentration equilibrium is reached as Me = Me*. When negative potential is applied to the
solution, Me+isreducedto Me and as aresult ofthat, Me* is depleted to the surface of the electrode.
This process continues until the cathodic current peak is reached. After that, diffusion of Me+ is
achieved by bulk solution in where mass transport slowed down because of the diffusion layer
created by Me. As diffusion gets slower, the current shows a decrease until the switching point.
When the scan reaches the switching point, itis reversed in anodic direction and this time Me is

depleted to the surface of the electrode. Peak currents act differently when voltages are applied
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and the voltammogram shows a duck-like shape because of the separation of peaks. Peak
difference is 59 mV when the electron transfer barrier is low which indicates that reaction is
reversible. High electron transfer barrier indicates irreversibility which requires more negative
potentials and thus the difference in peaksis more than 59 mV. Other than peakdifference, scan
rate is another parameter in the cyclovoltammetry applications which represents how fast the
applied potentials change in a controlled environment. The higher the scan rate is, the smaller

diffusion layeris created and thus higher currents are observed [371.
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Figure 9: Cyclic Voltammetry Profile [3¢]

The cyclic voltammetry gives valuable and fast information about the reactions and catalysis. In
specific, electrochemical properties of an analyte solution and some catalyst material properties

such as surface area can be obtained by using CV measurements.
Steady-State Polarization

Polarization indicates that the equilibrium is shifted away because ofa change in the potential of
the electrode, which leads to an electrochemical reaction. Polarization is followed by the Butler-
Volmer equation, which is given as Eq. 13. Especially in multi electron transfer reactions, overall
reaction possesses multiple steps in which they have different Butler-Volmer equations. The
whole reaction rate is determined by the slowest step and called “pseudo-elementary step with

an electron transfer number n [32],

According toSongetal., “A steady-state polarization curve describes the relationship between the
electrode potential and the current density, which is recorded by either holding the electrode
potential and recording the stable current response, or holding the current density and recording
the stable potential response” [32I. In ORR application, as it is discussed earlier, high current
densities are expected atlower overpotentials. A typical polarization curve and appropriate zones

are shownin Fig. 10.
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Figure 10: Polarization curve and appropriate zones [2]

The curve is recorded using potentiostat/galvanostat which measures the current when the
desired voltage is applied. At lower currents, the potential is dropped because of activation
polarization and at medium current levels potential is dropped because of the ohmic losses. At
higher currents, the curve loses its linear behavior and starts to drop more rapidly because of
concentration polarization.

The bottleneck of this discharge processis considered as ORR because of the different possible

paths of the reaction.

Rotating Disc Electrode (RDE)

In ORR, it is highly important to design a setup to measure the reactant transportation to the
electrode and understand its effects on electron-transfer kinetics [38l. The rotating disc electrode
method isa widely used technique that consists of a circular conductive electrode material placed
inside ofan insulator. As the nameimplies, the rotating disc electrode can rotate at various speeds,
which is described as w. The rotation action is highly important to control the diffusion layer,
which becomes thicker on top of the electrode when therotation is absent, leading to an increased
reaction time 38l As a result, the obtained current density will be non-steady. High w creates a
thinner diffusion layer and thus higher currents can be measured. A representation of the RDE is

givenin the figure below.
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Figure 11: Rotating Disc Electrode [39

The rotating disc enables to measure the diffusion coefficient and transfer kinetics of oxidant
reduction, and when the Kinetics of reduction reaches a rapid state, diffusion processis unable to
keep up with electron transfer and leads to a straight line Levich plot when different rotation
speeds are used [38]. The slope of the obtained straight line is given in the Koutecky-Levich

equation as follows:

B = 0.62nFD§v_%co (16)
Where F is Faraday constant (96,485 C mol-1), D is the diffusion coefficient of Oz in the chosen
electrolyte and vis the kinematic viscosity of the electrolyte. All values beside n, which is electron
transfer number, are known and thus electron transfer number can be calculated with the given

formula which helpstounderstand the ORR paths to determine theefficiency of the catalyst used.

2.3. Oxygen Evolution Reaction

2.3.1. Kinetics

Oxygen evolution reaction is the reverse reaction of ORR in which, 02, H*and H20 are produced

depending on the pH of the media. Halfequations corresponding to the media are given below:
40H™ - 2H,0+ 0, + 4e™ E° = 0.404V a7
2H,0 > 4H* 4+ 0, + 4e”~ E°= 1.23V (18)

In OER, 4 electrons are transferredby multi-stepreaction justlike for ORR but it only happens by

a single electron transfer which makes OER more sluggish and results in higher over potentials
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[40]. Equations given for ORR can also be applied to OER because basically they are opposite
reactions. Moreover, the techniques thatare detailed for ORR arealso used for OER. Although they
have many similarities, the used catalysts need to have different properties. A more robust

structure is needed for OER becauseofthe higher voltagesapplied during the charging process [5.

2.3.2. Electrocatalyst for OER

As it was the case in ORR, noble metals are primarily used in OER, Ir and Ru shows better
performances in OER, rather than Pt and Pd [5 40l. Their oxides show low overpotentials and
excellent stability in the charging process, which makes these metals harder toreplace, although

they are rarer and more expensive than the other options.

The research is focusing on replacing these expensive noble metals with more abundant metals
or carbon-based materials in orderto make them viable for industrialapplications.Mainly oxides,

perovskite structures, nitrogen-doped structures are investigated.

2.4. Metal Organic Frameworks

2.4.1. Introduction

The Metal-organic framework concept was firstly introduced by Tomic in 1965 and attracted
many researchers andscientists as a porous materialand theterm was first used by Yaghi in 1995
[41]. MOF is constructed with oxo metal clusters, which contain a central metal atom and oxygen
ligands such as Oz, and OH, linked by organic ligands and classified as porous organic-inorganic
hybrid materials. As mentioned, the structure is formed by organiclinkers and metal clusters and
itcan beseenin figure 1. Organiclinkers are referred toas SBU (secondary buildingunits), which
act asa “strut” but metal clusters are referred as inorganic SBU and act like a “joint”. This type of
structure offers high porosity and very large surface areas that make them suitable for energy
conversion and storage, heterogeneous catalysis and gas separation applications. Possible

applications can be seenin figure 12.
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Figure 12: Myriad applications of metal-organic frameworks make them promising future materials [42]

Although the porous MOF concept was introduced in 1965, development and synthesis of MOF’s
are delayed because of lack of information about the synthesis which limited the variety of
structures [43]. The currently discussed methods of using MOF’s were developed by 0.M. Yaghi 25
years ago, which is used for selective bindingand removal of specific molecules by MOF’s [44]. Now,
more than 20,000 MOF’s are reported withcombinations of metal clusters,ligands andin various

0D, 1D, 2D, 3D morphologies [51.

2.4.2. MOF derived materials

The distinct morphology and modification of compositions enables MOFs to functiom as a perfect
template for nanostructures creation by wusing high-temperature pyrolysisi6l. Earlier
investigation revealed that MOFs are very likely to collapse and thus to suffer damage to their
morphologies that makes them featureless in underharshand high temperature environment [47.
Since MOFs are heavily investigated, more appropriate precursor materials and controlling
mechanisms for pyrolysis are selected to preventthe morphological damages and also to obtain a
wide range of morphologies. Pyrolysis of MOFs also stands out with the other synthetic
nanostructure production approaches because it allows controlling several parameters (size,
shape, composition and structure) with variable temperatures and pyrolysis atmosphere while

enabling a variety of functions to be added in a single step (20, 46],

Production of MOF-derived materials can be separated into two different methods which are self-
templating and external-templating methods. As the name implies, self-templating method

consists of only MOF products and the external-templating method utilizes soft and hard external
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templates such as graphene and carbon [46.48]. The method to choose depends on the provided
featuresas well as the advantages and the disadvantages that they bring. AccordingtoLah et al,
self-templating and external-templating methods provide spherical and single-crystalline
structures for hollow MOF’s but these methods have different advantages and disadvantages [48l.
The advantages of self-templating methods are no requirement for an external template and
etching process while external templating methods provides facile synthesis and diverse template
surface modifications [#8]. On the contrary, self-templating method may have some difficulties in
finding proper conditions and external templating methods often have no morphology control 48],
As mentioned in the previous section, MOF’s have various morphologies in 0D, 1D, 2D, 3D. The
classification of materials as regards to their dimension is derived from their number of
dimensions that they have larger than 100 nm. So, within that definition, 0D materials have all
dimensions smaller than 100 nm and 3D materials have all dimensions bigger than 100 nm. 0D
materials have polyhedral, hollow and core-shell nanostructure which needs to be preserved in
thermal transformation and thus requires high thermal stabilities [46]. As an example, ZIF’s have
high thermal stabilities up to 550° C in N2 atmosphere which enables them to be converted
withoutany change in their morphology [#¢]. The thermal treatment of ZIF precursors, which are
polyhedral, creates structures with countless active sites and thus can be used in electrocatalytic
applications. Despite the fact that 0D structures have large surface areas, full control in porosity
is still not achieved because of their small size. 1D structures are typically nanorods and
nanotubes and they have similar features with 0D and 2D nanosheets, which can be produced
with both self-templating and external-templatingmethods. Like the 0D structure, only few MOF
precursors are appropriate for self-templating methods and often include Fe-, Co- or Ni- in order
to be assisted by their catalytic properties [6l. 1D structures tend to be used in sensing
applications because of their uniformity of high active species which expedites the mass
production. 2D structures are layer-like structures which include nanosheets and nanoflakes.
These structures can be obtained basically by exfoliation of 1D structure into a layer. 3D
structures are offering much more surface areas when they are compared with the lower
dimensioned structures [46l. A large variety of structures are available within this group and they
are arrays, flowers, honeycombs and sponges [46l. 3D structures can also be knitted with 1D

nanotubes intodesired shapes [46],

2.4.3. Zeolite Imidazolate Framework

MOF’s show similarities with another class of porous materials known as zeolites [43l. Zeolites are
one of the mostimportant synthetic products for humanity and themain application areas include

catalystin petroleum refiningand water softeners in detergents which had an approximate value
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of 350 billion dollars in 2009 and it is increasing every year [49. Zeolites are the most favored
electrocatalyst in commercial applications because of their pure inorganic structure, which
provides the necessary robustness that is needed under extreme conditions. A drawback of
zeolites is that they prohibit close control in size, shape and functionality, which is in stark
contrast to MOF [591. The main advantage of MOF’s over zeolites is their wider chemical variety
due to the organic component. Although great variation of MOFs with good thermal stability are
possible, they are far behind zeolites in that matter which makes them suitable for milder
environments. Apart from zeolites, which possess high surface area, MOF’s have the flexibility of

pore design with controlled structure and functionality of the pores [511.

[t is discovered that, the preferred angle (145 °) of Si-O-Si in zeolites is the same as the bridging
angle of M-Im-M which enables to synthesize zeolite imidazolate frameworks (ZIF) [491. In recent
years, thousands of MOF were synthesized and ZIF are one of the MOF classes. ZIF can be obtained
from tetrahedral Zn and Co metal clusters (MN4), Mas Zn and Co, with a simple imidazolate linker
[52,53]. Banerjee et al. stated that there were 25 different ZIF’s with different imidazolate linkers
and Zn, Co nitratesin 2008 and itis known that there are atleast 100 different ZIF structures are
present [49. 54, Topologically, ZIF’s are isomorphous to zeolites but more importantly, possess
other advantages such as high porosity (1821 m2/g-1), high thermal resistivity (up to 550° C) and
relatively good chemical stability, which make them suitable for gas separation and catalysis
applications 55, ZIF’s are therefore considered a promising replacement for zeolitic catalyst and

a template with high surfacearea.

One of the most common ZIF structures called ZIF-8is chemicallyrepresented as Zn(mIM)z, where
m is Zn and IM is imidazolate linker, has a rhombic dodecahedron morphology. Zinc MOF’s are
receiving attention as a sacrificial material to secure a high porous carbon-based matrix because
of its relatively low boiling temperature (908° C). In addition, it shows high thermal stability with

good electrical conductivity, which is useful in energy storage applications.
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Figure 13:Crystal structure of ZIF-8: Zn (polyhedral), N (sphere), and C (line) [5% 56]

The interesting thing about this structure is that Zn atoms can be replaced with other metals. Co
was done firstly and referred toas ZIF-67 [53.57], Substitution of zinc nodes with other metals while
maintaining the sodalite structure is important not just from a scientific standpoint but also for
engineering applications [58]. Partial substitutions of zinc nodes with catalytically active metals
convert inactive ZIF to an active one [59 60l. Another benefit is obtained when the substitution
amountisaccurately controlled, which enables fine tuningof the effective aperture size [611. ZIF-8
with Cu?+ substitute presents superb catalytic activity and chemical stability while it requires
excessive amounts to be substituted [59 621. Moreover, further doping of Cu2+ resulted as a complete
collapse of ZIF structure [59. [t is stated that Co/Zn bimetallic ZIF exhibits much better stability
when it is compared with the single metal ZIF [63]. Besides cobaltand copper, nickel, magnesium
and manganese can alsobe dopedtoa ZIF-8structurelél 64, However,Mg and Mn doping requires
inert gas (Argon) conditions because of their unstable nature in ambient conditions and expensive
reactants. The real challenge for substitution is that the ZIF-8 structure requires a non-distorted

tetrahedral M-N4 coordination [64],

ZIF-67
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Figure 14: Crystal Structure of Zif-67 [65]

Cadmium is another metal that can be used in substitution of Zn in a ZIF structure, which has a
few synthesizing protocols in the literature. Cdis in the same elemental group so possesses similar

propertiestoZn. Cd-ZIF-8is called CdIF-1 in theliterature and shows more stability than others
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listed above and it has gained greater popularity in engineering applications but synthesizing
requires a much narrower window which can bear phase transformations more easily [58l. In
addition to that, synthesizing pure CdIF-1 requires an organic deprotonator like TEA
(triethylamine) ratherthan inorganic deprotonator sodium formate which is typicallyused in Zn-
Co-ZIF’s, in order to form ZIF powders [58]. Deprotonation of ligands in CdIF-1 synthesis is more
critical in creating stronger energy barrier because Cd2?+ ions can be found in octahedral
coordination but as mentioned earlier, tetrahedral coordination is required to have ZIF-8
structure [58 661, Sun et al. developed a protocol to synthesize pure Cd-ZIF-8 solvothermally with
various TEA amounts and found out that TEA is not just critical for CdIF-1 synthesis but also
provides some resistance in phase transformation. Without sufficient amounts, phase

transformation to CdIF-3 or other unknown phases can be experienced [58l.
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Figure 15: Crystal Structure of CdIF-1 (Cd-Zif-8) [58

2.5. ZIF as a Sacrificial Material for Electrocatalysts

As mentioned in the previous chapters, platinum group elements are used mainly as a catalyst in
ORR and OER, which makes the Zn-air batteries harder to implement in industrial applications
and replace the currently used Li-ion batteries. As a hybrid material, ZIF's possess excellent tuning
properties, high surface area, good chemical and thermal stability butlack electrical conductivity
and thus, it is unsuitable to be applied directly to an air battery system but it would be a great
candidate as a precursor for electrocatalyst with the desired unique properties [¢7. The major
advantages tousing ZIF as a sacrificial material for electrochemical applications are given by Liu
et al. and these are; high electrically conductive carbon matrix created from organic framework,
heteroatom doping that is available in the organic ligand to create more active sites, in situ

synthesis of carbon matrix with transition metals homogenously distributed in the framework,
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well defined and adjusted parameters such as morphology and particle size and lastly preserved

featuresinherited from precursor materials [68].

To increase the conductivity, CNM (carbon nano materials) are required. Graphene sheets is an
excellent support material for catalyst with a large surface area, high conductivity and good
thermal and chemical stability [18l. One study shows that graphene sheets supported Pt catalyst
was superior in catalytic activity and stability when it was compared with the unsupported Pt
catalyst, which emphasizedthe effect of carbon materials [691. Another example of using graphene
asasupport materialis incorporation with spinel electrocatalyst such as Co304 and NiCo204 which

has shown comparable ORR performances with Pt/C catalyst and much better OER performance

[18,70],

In the case of MOF’s and ZIF’s, carbon structures are created with pyrolyzing in medium (700 ° C-
1000° C) to high (1200° C-2000° C) temperatures [71-751, ZIF’s are excellent pristine material to
startbecause of high C and N content; C facilitates conductivity and MN 4 molecules are known to
be an active site for ORR [10.72,73] . Required conductivity is achieved by the conversion of stable
domains, such as benzene rings, into carbonaceous structures starting from 500° C graphitic
carbon around 800-900° C, which creates CNT (Carbon Nano Tubes) [10.76], Direct pyrolysis of
ZIF’s decomposes structure thermally and distributes metal-nitrogen active sites uniformly to

porous structure [73.76],
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Figure 16: Schematic representation of M-N-C bi-catalyst using a pyrolyzed ZIF [77]

Figure 16 shows an overall bi-catalyst production route from pyrolyzed ZIF. The process starts
with solvothermal synthesis of ZIF with metalsalts and organicligands are followed by pyrolysis
under aninertgas such as (Ar,N2,H2) [71-73],

Prior to pyrolysis, ZIF has a high surface area, due to being microporous and often facilitates

aggregation that reduces theactive sites and blocks the mass transfer [711. Pyrolysis facilitates the
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decomposition of the carbon structures and also vacates the metals, and thusincreases the pore
size and decreases the surface area (1616 m2/gvs 513 m2/g) [72l. Moreover, N2z absorption test
applied has shown some hysteresis after pyrolysis which indicates hierarchically porous
structure [67.71]. Hierarchical morphology creates strategical channels and pore sizes as well as
catalyticactive sites that are beneficial for processeslike ORR [67. 71],

In low pyrolysis temperatures (600 ° C), specificarea, metal and nitrogen contentare much higher
when compared with the higher temperatures which are all beneficial for catalytic activity but
lack of graphitization at low temperatures hinders positive attributes. Increasing pyrolysis
temperature increases graphitization but lowers the specificarea, metal and nitrogen content. In
the case of ZIF-67, pyrolysis is executed in various temperatures (600° C-2000° C) and the sample
which is pyrolyzed at 800° C outperforms the others [73l. The reason behind these results stem
from the graphitization degree, nitrogen and metal content, surface area and also structural
integrity. 800° C sample shows a reasonable graphitization and also a larger nitrogen and metal
content with a larger surface area [72.731. Various authors indicate that overheating (around 1000°

C-1100° C) the ZIF will resultin the decomposition of the dopants and destroy the structure [10

73],

Figure 17: FESEM image of ZIF-67 pyrolyzed at 900 °C, the scale bar is 500 nm [72]

Inert gasis also an important factor in the determination of the end product. Xia et al. pyrolyzed
the ZIF-67 particlesin an Ar/Hz atmosphere and maintained the cubic morphology while creating
carbon nanotube frameworks [72.76]. The presence of H2 leadsto open voids, which is an indication
of hollow structure and this structure cannot be observedwhen just Arisused asan inert gas 721,
The formation of CNT are also not parallel in one direction thus, abundant edges are formed,

which increases the catalytically active surfaces [721.
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2.6 Challenges

In the past 20 years, MOF-derived electrocatalysts have shown great improvement They perform
much better thanthe industrial standards whichare Pt for ORR and IrQ2 for OER while preserving
their bi-catalyst characteristics. Moreover, the electron pathway for these reactions is close to 4
electrons, which is preferred. On the other hand, there are several areas which require
improvementand thus can be considered as challenges. First of all, the ORR and OER experiment
conditions are optimized to give better results. For example, KOH concentrations aresettobe 0.1-
1M, althoughitis widely used as 6 M KOH [9.70.78]. A lower concentration leads to a higher oxygen
solubility which isin favor of battery performance [271. Thus, oxygen diffusion should be improved
in order to give closer results with the real-world applications. This might be achieved via surface
engineering by optimizing surface wetting characteristics [27]. The other optimized experiment
condition is the applied low current densities which are in the range of 10 mA cm-2 - 25 mA cm-2
[70,78]. High current densities are required to power energy demanding devices in real life and this
makes it essential totest batteries before fabrication. As a result, high current densities can result
in the degradation of catalysts and dendrite formation in Zn anode. More stable bi-catalysts will
endure in higher current densities and make it more applicable. The final challenge is the
overpotential in the charging state. Higher overpotential is detrimental to the lifetime of the Zn-
air batteries which are far behind the Li-lon. Advance designs with increased oxygen reactivities

and lower interfacial resistances are necessary to obtain better results [27].

2.7 Conclusion

Based on the information given above, this thesis attempts to explore the ORR and OER behavior
of Cd-ZIF MOF derived catalyst, for whichno example was found in the literature. Since theboiling
temperature of Cd (767° C)islower than Zn (907 ° C), the effect of lower pyrolyzing temperatures
on the catalyst will be observed and compared with the ones which use ZIF -8 and ZIF-67 based
catalysts. Alarger surface area of Cd-ZIF is expected because of the larger surface area of pristine
Cd-ZIF and alsolower pyrolyzing temperature. In following works, particle size and morphology
of ZIF’s will be explored. The microstructure and chemical composition samples will be examined
by the scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS). The
crystalline structure will be examined by X-ray diffraction (XRD). The electrochemical
performance of the end product will be tested by the CV and LSV methods and compared with the

reference catalyst, which is Pt/C.
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Chapter 3. Synthesis of Zn-ZIF-8 and CdIF-1 particles

3.1 Zn-ZIF-8 synthesis with room-temperature method

ZIF-8 particles can be produced with different techniques in which some of them are efficient and
easy to control. The room-temperature synthesis method is considered as an upside for
industrialization of ZIF-8 especially for the ones which consist of Zn and Co, thanks to its low

energy costand 1-step synthesis.

Chemicalsthatare used in Zn-ZIF-8 synthesis can be given as the following:

Zincnitrate hexahydrate (98%, Alfa-Aesar) isused as a metals source. 2-methylimidazole (99%,
Acros Organics) used as an organiclinker and sodium formate anhydrous (purump.a., 98%, Fluka
Analytical) used as a deprotonating agent. Methanol (absolute, low acetone, 99.8%+, VWR
Chemicals) is used as a solvent and Ethanol (denaturated with 3% diethlyether) for further

washing.

A typical synthesis protocol includes metal salt, solvent, organiclinker and modulating ligand and
the applied method can be given like this. 1.4688 g (4.938 mmol) of Zn (N03)..6H20 was dissolved
in 100 mL of methanol and big salt particleswere broken down by ultrasound vibration. Another
solution was prepared by 1.6212 g (19.748 mmol) of 2-methylimidazolate (2-mIm) and 1.343 g
(19.748 mmol) ofanhydrous sodium formate in 100 mL of methanol. The first solution was added
to the prior solution after the prior solution became clear under stirring. Stirring action was
stopped when the first solution was addedto the second one. The reaction time was 24 hours and
thereaction products weree either recovered by centrifugal separation or excess liquid was taken
out by the pipette. The process continued with repetitive washing with ethanol and later samples

were dried under 60° C in a convection oven.

Zn-Z1F-8 formation can be expressed in the following equation.

Zn?* + 2 (2-mIm™) Zn(2-mIm™) (19)
The reaction rate of the formation follows as:

ky [Zn?*] [2-mIm~]? (20)

Where, k; is the 3rd order rate constant [M-2s-1], [Zn?*]is the concentration of the metal salt in
which zinc nitrate hexahydrate [M] and [2-mIm~] is 2-methylimidazolate concentration [M] 79,
Equation 18 shows that higher concentration of Zn2+increases the reaction rate in a linear scale

and leads to more ZIF-8 particle formation.
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The effect of stirring on particle size and morphology were not investigated and preferred in the
case because ithas been stated that stirring can lead to huge diversities particle size which may
act asa secondary nucleation of Zn-ZIF-8180l. [n addition to that, a difference was observed in the
case of excess liquid removal after the reaction. The centrifugal separation method sometimes
results in agglomeration, which reduces the quality of the ZIF samples. In order to avoid that,
excess liquid was removed by the pipette. Moreover, double and triple amount of starting
materials were added to the same amount of solventin order to create more ZIF-8 powders butit
reduced the quality of the end product significantly and also triggered agglomeration of the
powders, which can be seen in the SEM pictures below. The reason behind thisis that most of the
nano-sized MOF synthesis requires dilute conditions B1l. Dilution resultedin small particles even

in the absence of modulatingligand [81l.
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Figure 18: SEM images of Zn-ZIF-8 particles a) 1x amount of starting material, b) 2x amount of
starting material, ¢) 3x amount of starting material
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Figure 19: SEM image of Zn-ZIF-8 particles with rhombic dodecahedral structure

Rhombic dodecahedral structure can be seen easily in figure 19, which correlates with the
theoretical information and also with the example image of ZIF-67 thatis givenin figure 17. The
structure that ZIF-8 shows, called 1-43m, can be defined asa body centered cubic crystal system

with point group 43m [551.

When the different amounts of starting material are compared, it is definite that different ratios
impact tothe outcome material. The ratio of Zn salt to 2-mImvaries around 1:4 to 1:8 respectively
[79]. In correspondence tothat, Zn salt, 2-mIm, and methanol solvent ratio varies around 1:4:500
to 1:4:1250 [791. Ifaratio higher than 1:4:500 is used, Zn-ZIF-8 loses its morphology and results in
agglomeration. Agglomeration can also be triggered by the use of centrifugal separation. This
behavior in two different situations can be explained with the zeta potential of the Zn-ZIF-8
particles. Zeta potential is basically the surface charge of the particles thatgives electrical stability
when it is high enough and thus slows down the nucleation rate. Zeta potential is influenced
mainly by the pH of the solution. This can be modified by modulators and sodium formate has

been chosen for this case.

The SEM images clearly indicate the rhombic dodecahedral structure that ZIF-8 possesses and the
powders are also examined with XRD analysis to discuss more aboutthe crystalline structure. The
XRD comparison ofthe room-temperature synthesized ZIF-8 and simulated ZIF-8is given in figure
20.
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Figure 20: XRD pattern comparison with room-temperature method and simulated results (CCDC 864309). The
average size of the measured particles is 1um

As mentioned, synthesized ZIF-8 powders have a cubical structure and lattice constants are

a=b=c=16.9910 A and a=B=y=90° with a cell volume 4905.2 A3 [55],

A comparison of diffraction patterns proved that synthesized particles are ZIF-8 with I-centered
lattice. The firstand sharpest diffraction peak can be seen at 7.2 ° and that is diffraction of carbon
(110). The other diffraction lattices are alsoindicated in Fig 20.

Simulated XRD pattern contains much more clearly defined peaks because full crystallinity with
no impuritiesis assumed. However, the powders synthesized with the room -temperature method
are lower in crystallinity with some impurities that may have occurred because of the inadequate

cleaning of both samples and equipment thatare used.

The particle size of the synthesized Zn-ZIF-8 is highly important when the efficiency of the
application is concerned. The smaller size particles end up having more specific area and more
exposed zones to reduce oxygen which increases the efficiency of a metal-air battery. Moreover,
particle size can influence the electrical properties of the end product, so precise control over size

is required to obtain better results overall.

Particle size can be controlled by adjusting the amounts and ratios of used materials for the
synthesis of Zn-ZIF-8, like Zn ions, the linker and modulating ligands. As the name implies,
modulating ligand is the critical material since both Zn ions and organic linker are part of the
building unit. The modulatingligand is used to “modulate” crystallization, pH and assembly. The
hypothesis regarding modulators is that the usage of modulating agent slows down the partide
formation by competing with the ligands and terminatingpolymerization of organic chains [82l. In

addition to that, modulators adjust the pH that will lead to smaller particles. At low pH levels,
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nucleation continues for alonger time because of slow deprotonation andleadstolarge particles

(82], The mechanism in particle size control is given by Zhang etal. in figure 2 1 [83],

o
Lower pH '<. ‘('J\ P
- N s
® Slow —( Slow Ti Crystal
Metal ion [deprotonation &° nuclestion growth s :
= Bulk crystal
)\ Without CA 2
——> 1
Fast ~( d / I;usl Lo ;‘; &
nucleation
deprotonation g .—< A ?j‘ Microsized crystal
Higher pH ~—\.>_ ’f g
o 8
1
= Capping agent '
ik } With CA .

Nano crystal

Figure 21: Effect of pH in MOF size [83]

Although the use of modulating ligands decreases the sizes of most MOF, some factors have a
bigger impact than theothers. In the case of Zn-ZIF-8, the addition of different modulating ligands
impacted the particle size in a different way. The addition of n-butylamine formed nano-size
crystals butin the presence of 1-methylimidazole and sodium formate micrometer sized particles
are formed [80l. Particle size control with different ratios of sodium formate is investigated and a
various number of powders are synthesized. The results regarding these experiments are given

below.

Table 2: Relative ratio of materials and the average particle diameters of synthesized Zn-ZIF-8 particles. Particle sizes
are determined by SEM

Relative ratio Average particle diameter (nm)
Zn(NO3)2:6H20 / 2-mIm / sodium formate
1:4:0 80
1:4:1 300-500
1:4:2 1000-1500
1:4:3 1500-2000
1:4:4 2500-3000
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Figure 22: SEM images of Zn-ZIF-8 particles with different relative ratio a) average particle diameter 80 nm, b)
average particle diameter 300-500 nm, c) average particle diameter 1-1.5 um, d) average particle diameter 1.5-2
um, e) average particle diameter 2.5-3.5 pm. The ratio of used Zn salt (Zn (N03)2:6H20), organic linker (2-mIm) and
modulating ligand (sodium formate) is 1:4:0, 1:4:1, 1:4:2, 1:4:3, 1:4:4, respectively.
As it can be seen from the pictures provided in figure 22, increased ratio of modulating ligand
resulted in an increase in the size of Zn-ZIF-8 particles. The size increase is not linear and when

the modulating ligand is saturated, the excess modulating ligand is not acting as a size control

mechanism butjusta pH modulator. Janosch et al. stated that, the low deprotonation capability of
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sodium formate is the reason of particle size increase when a higher modulatingligand to metal
salt ratio is used. This comparison showed that the growth inhibition is much more crucial than

the deprotonation of linker in Zn-ZIF-8 synthesis [81].

j \ PN S

ZIF-8 1:4:4

ZIF-8 1:4:3

//H\‘ ZIF-8 1:4:2
P — k_i_,/\_ 7_1-/(\\ i I N
ZIF-8 1:4:1

IR L R TN S o

J\ EIF-SHT_A:O
_ A
ZIF-8 Simulated

Intensity (a.u.)

4 6 8 10 12 14 16 18 20

2 Theta (Degree)

Figure 23: XRD pattern comparisons of synthesized Zn-ZIF-8 with different ratios to simulated Zn-ZIF-8 Theratio of
used Zn salt (Zn(N03)2:6H20), organic linker (2-mIm) and modulating ligand (sodium formate) 1:4:0, 1:4:1, 1:4:2,
1:4:3, 1:4:4, respectively

The XRD of the samples given above is also calculated and the results are givenin figure 22. As
shown in the figure, all samples diffraction peaks correlate with the simulated pattern, which
proves that the crystal structure of the synthesized Zn-ZIF particles is ZIF-8 crystals. In addition
to that, as the sodium formate ratioincreases, patterns show higher peakintensities which is the
modulation effect of the ligand on specific crystal planes. Lastly, diffraction peaks are broader than

the simulated pattern which means synthesized particles are less crystalline.

3.2 CdIF-1 synthesis

CdIF-1 particles carry the same structure as Zn-ZIF-8 with the only difference being that Cd atoms
substitute Zn atoms. The room temperature method is also carried out to form CdIF -1 particles
but no powder formation is observed. Moreover, powder formation is observed only when the
temperatures are above 60° C which matches withthe information given in the previous studies.

CdIF-1 powder synthesis was executed solvothermally, according to the recipe given by Sun et al.

[58],

Chemicalsthatare used in Zn-ZIF-8 synthesis can be given as the following:
Cadmium nitrate tetrahydrate (99%, Chem-Lab) is used as a metals source. 2-methylimidazole

(99%, Acros Organics) is used as an organiclinker and TEA (GC, T 99%, Sigma-Aldrich) isused as
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a deprotonating agent. Methanol (absolute, low acetone, 99.8%+, VWR Chemicals) is used as a

solvent and Ethanol (denaturated with 3% diethlyether) for further washing.

Atypical synthesis protocol includes metal salt,solvent, organiclinker and modulating ligand and
the applied method can be given like this. 1.523 g (4.938 mmol) of Cd (N03)2.4H20 was dissolved
in 50 mL of methanol and big salt particles were broken down by ultrasound vibration. Another
solution was prepared with 3.244 g (39.512 mmol) of 2-methylimidazolate (2-mIm)and 4 g
(39.530 mmol) of TEA 50 mL of methanol. The first solution is added to the prior solution after
the prior solution became clear under stirring. Stirring action continued for an hour whenthe first
solution was added to the second one. Molar ratio of the final mixture was Cd:mIm: TEA:methanol
= 1:8:8:500. The solution was transferred toa Teflon-lined autoclave and placed in a convection
oven which had a constant temperature of 60 ° C. The reaction time was 48 hours and thereaction
products were either recovered by centrifugal separation or excess liquid was taken out by the
pipette. The process continued with repetitive washing with ethanol and later, samples were

dried under 60° Cin a convection oven.

The room synthesis method is unsuitable tobe applied for CdIF synthesis. Various ratios of metal
salt, organiclinker and modulation ligand were tried but ZIF formation was not observed, which
correlates with the findings of Sun et al. In addition tothat, synthesis temperature was increased
gradually and particle formation started above 60° C. The solutions that contained sodium
formate were also held in a convection oven under 60° C for 1, 3 and 4 days and the resulting
powders were centrifugedand washed three times. An XRD analysis of the samples was conducted
and it showed that even under elevated temperatures for longer periods, sodium formate was
incompetent to incorporate the organic linker with metal ions but rather connect itself. The
resulting powder mainly consisted of incorporated sodium formate because of the lower
solubility inside the methanol solvent which led to saturation even with smaller amount. When
the solution was held more than 3 days, sodium formate incorporated with the metal ions and
formed cadmium sodium formate. The experimentproves that theuse of modulating ligand varies
with the desired end product. Modulating ligands are crucial in ZIF synthesis and the ones that
are used were already investigated. The reason behind the ineffectiveness of sodium formate in
CdIF-1 synthesis can be explained by the low basicity that it possesses [84]. Thus, sodium formate
is unable to deprotonate Cd2+ions which can also form octahedral formation unlike the Zn2+ions
(851, On the other hand, TEA has stronger basicity and deprotonates Cd 2+ to from tetrahedral. The
effect of TEA leads to agglomeration ofthe particlesin case of Zn2+ due to high nucleation [8¢]. The
effect of synthesis temperature, modulating ligand and the other factors such as the time in the

furnace, equipmentthatisused by Sun etal. have been tested and the findings are given below.
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The synthesis time under 60° C is the most important factor that determines the partide
morphology and size. Other than Zn-ZIF-8, achieving the desired morphology is much more
difficult since the transformation is highly complicated and this situation is sufficiently
emphasized in the literature. Although there are only 2 different morphologies observed in this
extensive parallel experiment and these are CdIF-1 and CdIF-3, other morphologies can be
achieved when the same organiclinker is used and these are CdIF-2 and CdIF-5 aslisted by Tian
et al. with their synthesis recipes, respectively [871. In order to understand the effect of time on

elevated temperature, various experimentswith different2-mIm to TEA ratios are executed.

The first experimentis conducted to understand the effect of furnace time on the morphology of
the end powder. The corresponding XRD graphand SEM images can be seen in figure 2 4. All of the
samples with the same 2-mIm to TEA ratio matched with the simulated graph, which indicates
thatthe powder samplesarepure CdIF-1. Fig. 24 b-d shows the SEM images with different furnace
time. SEM images display that higher furnace time yields to bigger and more developed crystals.

Fig. 24 c-d shows nano-sized CdIF-1 crystals which tend to grow on each other and thus create

agglomerates.
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Figure 24:a) XRD pattern comparison of CdIF samples synthesized at 60° C for 6 hours, 24 hours and 48 hours with
simulated CdIF-1, b), ¢) and d) SEM images of CdIF samples synthesized at 60° C for 6, 24 and 48 hours, respectively



After the initial experiments were held to understand the effects of synthesis time at certain

temperature, different organicligand tomodulating ligand ratios were tested with the synthesis

timesindicated above.
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Figure 25:a) XRD pattern comparison of CdIF samples synthesized at 60° C with 2-mIm to TEA ratios of2, 1.5 and 1
for 6 hours with simulated CdIF-1, b), c) and d) SEM images of CdIF samples synthesized at 60° C with 2-mIm to TEA
ratios 1, 1.33 and 2 for 6 hours, respectively
Fig. 25 shows the powders with different 2-mIm to TEA ratios synthesized for 6 hours at 60° C.
Fig. 25.a presents the XRD patterns of the synthesized powders and all of the powders follow the
same pattern as thesimulated one and thus theamount of TEA used in Fig 25.b is enough to obtain
the desired crystal structure. As can be seen from the size of crystals in each sample, the increase
in TEA amountresultsin bigger particles. This outcome is expected since the higher TEA amounts
result in higher nucleation rates. It is worth mentioning here that figure 25.d shows two
morphologies which are different from the other samples. Small CdIF-1 particles can be seen on
and around the big particle which is described as CdIF-3. There was not much information
available about this topology but Tian et al. described its netas yqt1 [87]. It is also indicated that
CdIF-3 is non-porous and therefore is not desired and not appropriate as a catalyst for battery
applications 871, A comparison of the XRD patterns and SEM images show that, the amount of CdIF-

3in Fig25.d is less than 5%, which is negligible. The same experimental setup is also conducted
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for a synthesis time of 24 hours and all of the resulting powder possess the XRD pattern of CdIF-
1.

After CdIF-1 particles are perfectly synthesized with different 2-mIm to TEA ratios for 6 hours, a
longer synthesis time period is also tested in order to understand the effect of time and the
amount of TEA. As given in figure 25. a, in low organic ligand to TEA ratio, it is possible to
synthesize CdIF-1 particles butthe effect oflower TEA amounts on longer synthesis time periods
is not available in literature explicitly. XRD pattern comparison and SEM images with respect to

each composition are given in figure 26.
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Figure 26:a) XRD pattern comparison of CdIF samples synthesized at 60° Cwith 2-mIm to TEA ratios of 2, 1.5, 1 and
0.5 for 2 hours with simulated CdIF-1, b), c), d) and e) SEM images of CdIF samples with 2-mIm to TEA ratios 4, 2,
1.33, and 1 for 24 hours, respectively
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The amount of used TEA influenced the resulting morphologies differently when the synthesis
time is further increased. XRD patterns shows that when the 2-mIm to TEA ratio is high, phase
transformation from CdIF-1 to CdIF-3 isinevitable and itleads to big rectangular crystals. When
2-mIm to TEA ratio is in between 1 and 4, both of the phases are available at the same time.
However, XRD patterns show that the mixture which contains alower TEA amount has much more
CdIF-1 crystals than the other mixture. In order to understand more thoroughly, SEM
investigations have been made and it showed that CdIF-1 crystals are more frequentin figure 2 6.c,
but the average size is much smaller than figure 26. As given before, when the organiclinker to
modulatingligandreaches 1, pure CdIF-1crystals can be obtained. This proves thatTEA is crucial

for CdIF-1 synthesis as well as for the stability of the crystals in longer synthesis periods.

The effect of autoclave use is also tested in order to understand the effect of pressure on the
synthesized powder. Parallel tests were executed and the results have shown that the use of
autoclave does not have any significant effect on the properties of the powders. This result can be
explained by the definition of solvothermal synthesis, which requires elevated temperatures
higher than the boiling temperature of the solvent. In this set of experiments, methanol is used as
a solvent, and the boiling temperature is given as 64-65° C by the supplier company, which is

lower than the synthesis temperature of 60 ° C.

Lastly, the effect of stirring is investigated. In the first mixture metal salt-containing solution was
added to the one which contained organic ligand and modulating ligand and mixed at 500 rpm
with a magnetic stirrer for an hour. In the second mixture, metal salt-containing solution was
added and both ofthese mixtures were placedin a convection oven for 48 hours at 60 © C. Powder
containing solutions were cleaned with methanol several times and centrifuged 3 times and dried

overnightina convection ovenat 60° C.
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Flgure 27: SEM images of CdIF partlcles stirred for 1 hour at 500 rpm with magnetic stirrer and non- stlrred
respectively
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Asitcan be seen from figure 27, stirring the mixture yields toa more uniform and relatively small
particle size distribution. On the other hand, when the mixture is not stirred, particle size
distribution islargerand not uniform. The difference between the two mixtures occurred because
of the homogeneity of the solutions. The presence of TEA increases the speed of the powder
formation by increasing the nucleation rate and in the more homogenous solution leads to more

uniform and well-shaped powders.

After understanding the crystal forming mechanism and size control of the Zn-ZIF-8 and CdIF-1
samples, recipes that will yield a similar average particle size were chosen. These precursor
materialslack conductivity, which makes itimpossibletouse them directly. Inorder tobe used as
a catalystin ORR, materials requirea carbonization process achieved by pyrolyzingin moderately
high temperatures (750-900° C). Pyrolyzed powders contain high C content as well as low metal

contents, which contributes tothe reduction capabilities in electrochemical experiments.
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Chapter 4. MOF driven materials

In the above work, Zn-ZIF-8 and CdIF-1 are synthesized with different parameters and similar
particle size powders have been prepared. The following work is done to create a catalyst which
can be used in ORR and OER. As mentioned before, MOF-driven materials possess important
featuresrequired for electrochemical applications butlack of electrical conductivity makes them
unsuitable tobe used directly in the cathode of an air-battery. In order to create a carbon matrix
which is electrically conductive, prepared powders are synthesized in different temperatures and

are compared by XRD, SEM and EDS methods.

4.1. High-temperature pyrolysis of Zn-ZIF-8 and CdIF-1

Synthesized Zn-ZIF-8 and CdIF-1 particles are investigated by XRD and SEM analysis and similar
particle size samples have been chosen to proceed in the next step, which is pyrolyzing of the
samples. Average particlesize of the chosen samples were 1-2 um, which can be seen in the figure

below.
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Figure 28: SEM images of pyrolyzed Zn-ZIF-8 and CdIF-1 at 750, respectively

In order to pyrolyze the samples, 6 quartztubes with an open end with 8 mm in diameter and 10
cm in length were ordered. 300 mg of Zn-ZIF-8 and CdIF-1 were placed in the quartz tubes
separately. Quartz tubes filled with powders were vacuumed and placed in a bigger quartz tube
to prevent the spread of the dangerous gases whichwould occur during the pyrolysis. Tubes were
placed in a stulp furnace which can operate up to 1000° C. Samples were heated to pyrolyzing
temperature gradually with a rate of 5° C/min from room temperature and were held in that
temperature for 4 hours in Nz atmosphere with a flow rate of 300 cm3 min-1. After that samples

were cooled down to room temperature witharate of 5° C/min.
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Three different temperatures are selected to pyrolyze samples and these are 750 ° C,850° Cand
900° C.Zn-ZIF-8based materials have been investigated heavily in previous studies as a catalyst

for ORR and OER and the optimal pyrolyzing temperature is found tobe 900 © C [88l,

4.2. Characterization of Zn-ZIF-8 and CdIF-1 derived materials

Pyrolyzed samples were investigated using XRD, SEM and EDS point mapping methods. XRD
analysis of the samples have shown that after pyrolysisin higher temperatures, the end product

is carbon black. XRD patterns of pyrolyzed CdIF-1 and Zn-ZIF-8 powders are given in the figure

below.
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Figure 29: XRD patterns for CdIF-1 and Zn-ZIF-8 samples pyrolyzed at 750° C, 850° Cand 900° C

All of the samples possess a weak, broad peak that corresponds to C (002) with no other peakand
thusthe pyrolyzed powders mainly consist of C [89]. [t is also worth mentioning here that C peaks
in Zn samples are much sharper when compared with CdIF-1, which indicates better
carbonization. Further evaluation of the powders weredone by the SEM and point mapping to see
the morphology of the powders after pyrolysis and also to determine the remaining metal

contents.

Table 3: Atomic percentage of the pyrolyzed CdIF-1 samples in different temperatures measured by EDS

Sample/Element C N Cd
Cd-750 82 At% 13.93 At% 4.07 At%
Cd-850 87.65 At% 9.92 At% 2.43 At%

Cd-900 | 89.68 At% 8.43 At% 1.89 At%

In EDS measurements, low amounts of plating Pt and sampling surface of Al is detected and the

percentages are calculated by theaddition ofthese percentages according to the availableratio of
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the elements given above. As it can be seen in the table 3,increased temperature yields to more
C content while lowering Cd and N contents. A rapid decrease of Cd content was observed when
pyrolyzing temperature was increased from 750° Cto850° C,because of the boiling temperature
of Cd.InZn-ZIF-8 samples, carbon content is lower than pyrolyzed CdIF-1samples, around 70%.
On the other hand, N and Zn amounts are higher, which correlates with the higher boiling
temperature of Zn. Atomic percentages of pyrolyzed ZIF samples (Zn-ZIF-8 [90], Co-ZIF-67 °11and
Fe doped Zn-ZIF-8 [92]) have also shown similar relation in the literature, as the temperature
increases. Atomic percentage of C and N stated as 78-80.1% and 11.9-13.2% at 800° C,
respectively [90.91], Whentemperatureincreased to 900 ° C,atomic percentage of C and N stated as
87.27% and 7.12%, respectively [92]. Values retrieved from literature has shown similar atomic
percentages. Higher C and N percentages in pyrolyzed CdIF-1 resulted from the boiling

temperature difference betweenthe used metallinkers.
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Figure 30: Zn-ZIF-8 SEM images after pyrolyzed at 750° C, 850° Cand 900° C, respectively

Protection of morphology is severely important since MOF-derived materials should retain the
specific surface area of the precursors. However, the specific area reduction is inevitable since
some of the metal leaves the structure and reduces the area. It has been shown that in higher
temperatures specific area is reduced due to the mentioned phenomena [931. After the pyrolysis,

SEM images were obtained and they showed that Zn-ZIF-8 powders fully retained ZIF-8
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morphology but CdIF-1 particleslost some of the morphology. For a comparison, SEM images of

CdIF-1 before and after pyrolysis were given below.

-

H 1:7'1-’—;[11

2 ' Y _AA e

Acc.V ‘SputMagn Det Wb VExp |—| 10 um . AccV SpotMagn Det WD Exp b——— 5um
150kv 3.0 3500x SE 107 1 i 150kV 3.0 6500x SE 107 1

T

Figure 31: SEM images of CdIF-1 before and after pyrolysis at 850° C, respectively

The right particle in the second picture shows disrupted morphology, which is not visible in the
precursor. Although Cd content decreased significantly as the pyrolyzing temperature increased
from 750° C to 850° C, Cd is still present and this is an indication of Cd bonding with other
elements since the temperature is well above the boiling temperature of Cd and duration at this
temperature is fairly long, approximately 5 hours. MOFs are well-known with their sensitivity in
humid conditions and this can be themainreason of morphological change occurredin pyrolyzing
step 941 [t is also stated that, MOF water uptake increased suddenly when humidity is around
50%, which can lead to degradation of CdIF-1 powders[9l. Other important factor which can lead
tohydrolysisis the quality of solvents used in synthesis [9¢]. It is also possible that, the trace oxygen
present in the powder forms CdO. The decomposition of Cd MOF with imidazolate linker to
various products including CdO is already mentioned in the literature when pyrolyzing
temperature reached above 600 K [97]. The collapse of the framework is another option which
likely to happen in higher temperatures since much more material leaves the framework and
damages the stability of it. As a result, morphological change and the remaining Cd content after
high pyrolysis temperatures can be explained by hydrolysis due towater uptake from air and/or

low solvent quality, CdO formation due to trace oxygen and the collapse of the framework.
Another important result obtained from the SEM images of the pyrolyzed Cd samples was the

phase transformation of pure CdIF-1 powders to CdIF-3. The image corresponding to this

transformation is given below.
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Figure 31: SEM image of CdIF-1 pyrolyzed at 750° C represents the phase transformation from CdIF-1 to CdIF-3
[t was clear that the phase transformation happened during the pyrolysis of the samples, which
indicates a contaminant in the precursor material. The phase transformation effect of TEA is
already discussed in the previouschapterand the possibility that trace amounts of TEA remained
after the extensive wash withethanol. In order tounderstand the effect of contaminants available
in the precursor material, half ofthe samples werewashed 3 times more and pyrolyzed. Obtained
SEM images have shown that two times washed CdIF-1 samples contain lower amounts of CdIF-3
when they are compared with the original. In addition to that, CdIF-3 particles were much smaller,

which shows thatatrace amount of TEA can trigger phase transformation in high temperatures.

All of the SEM images have proven that materials derived from Zn-ZIF-8 were easier to process
but CdIF-1 samples were much more sensitive to phase transformation and disruption of the
framework of the precursor material. For the next stage of this experiment, which is
electrochemical performance test, pyrolyzed Zn-ZIF-8 and CdIF-1 samples that were washed
extensively before pyrolysis were used. Prior to the electrochemical tests, powders were not

washed with H2SO4in order tounderstand the catalytic contributions of Cd and Zn metals.
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Chapter 5. Electrochemical performance of MOF
driven materials

The electrochemical performance of MOF-derived materials was tested by using a three-electrode
cell with a rotating disc. In order to test the samples, a solution which contained 10 mg of black
powder, 1 ml of ethanol and 40 pL of 5 wt%. Nafion (Alfa Aesar Germany) were added toa 1.5 ml
plastic tube and these catalyst inks were sonicated for at least 30 minutes prior to the
electrochemical test. Both basic and acidic electrolytes were also prepared before the tests. For
the basicelectrolyte, 6.6 g of KOH pellets (85%, Riedel-de Halen) was added toa 1000 ml beaker
which was filled up with DI water and sonicated for 30 minutes. The same preparation procedure
was also applied to the acidic electrolyte which contained 26.6 ml of H2S04 (95-97% a.r., Chem-
Lab) was added to 1000 ml beaker filled up with DI water. The resulting electrolyte contained
0.1MKOH and 0.5 H2S04. After the sonication, 10 pL of catalystlinkwas loaded on a glass carbon
electrode of 5 mm in diameter (loading~ 0.25 mg cm-2). Before the electrochemical performance
measurement, electrolytes were purged with Oz and Ar for atleast 30 minutes. Bubbling was also
continued during the test moderately. The catalytic performance of the samples was measured
with linear sweep voltammetry, cyclic voltammetry and electrochemicalimpedance spectroscopy
(EIS). In order to reach and control the setup temperature, which was 25° C, an automatic
thermostat was placed inside a big bowl filled up with water. This unusual setup was necessary
since the room temperaturewas measured at 21 ° C and the obtained results under this condition
were not appropriate to be compared with the ones available in the literature. The described

setup can be seen in the figure below.

Figure 32: Electrochemical performance test actual setup
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Other than rotating disc electrode in a three-electrode setup, graphene tube was used asa

counter electrode and Hg/HgO and Ag/AgC(l asreference electrode.

The experimentstarted with EIS measurements, whichwere recorded in a frequency range from
10-2to 104 Hz with a peak-to-peakamplitude of 10 mV. The experimentcontinued with CV for 25
cycles with 50 mV scan rate. After the cycles became steady and the catalyst was ready to give
reliable results, LSV tests were conducted with a rotation speed 0f400, 625,900, 1225, 1600 and
2000.All of the applied methods were performed on an Autolab electrochemical workstation. In
order to compare all of the results, the same tests werealsoapplied to Pt/C catalyst (10% Pt, Alfa

Aesar Germany) which prepared withthe same ratios.

5.1. Results and Discussion

Firstly, EIS measurements were obtained in order to calculate the resistance of the samples. The
important thing aboutthe resultsis that the minimum resistance value is used in all of the further
calculations to obtain more precise data. From this point on, the samples were referred toas Cd,
Zn- the pyrolyzing temperature. The minimum resistance measured in each sample was given in

the table below.

Table 4: Resistance of the samples in basic and acidic electrolytes, measured by EIS in a frequency range from 10-2 to

104
Sample/Electrolyte 0.1M KOH 0.5M H2504

Cd-750 14.04 3.13
Cd-850 23.41 2.42
Cd-900 22.50 4.70
Zn-750 11.83 2.43
Zn-850 14.88 3.20
Zn-900 9.98 3.25

Pt/C 24.54 3.19

[tis clear that, all ofthe samples possess similar conductivities and similarresistances in all of the
electrolytes, which makes the electrochemical results comparable. The resistance is clearly lower
in the acidic electrolyte for all of the samples. The reason behind this is the Nafion added to the
solution to cover the electrode surface. Nafion is used as a proton exchange membrane and it is
stated that the resistance is enhanced when the pH is increased [98]. The resistances were higher
than expected, thusitis possible that catalyst ink covered the electrode surface unevenly. Catalyst

ink covered rotating discelectrode is given in the figure below.
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Figure 33: Catalyst ink covered rotating disc electrode
After the EIS measurements, CV measurements were held to understand the catalytic activity of
the prepared samples. CV of the samples were measured with a scan rate of 50 mV and each
sample was cycled 25 times. Samples have shown stability after the first couple of cyclesand the

comparison of the last cycle is given.
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Figure 34: Last CV cycles of the samples, scanning rate is 50 mV
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The CV graphs have shown that pyrolyzed CdIF-1 samples possess a much smaller area which
means lower double-layer capacitance. The reason behind this behavior can be explained by the
lower porosity of CdIF-1 samples when they are compared with the pyrolyzed Zn-ZIF-8. Basically,
the mobility of the ions within the electrolyte is required to form a double layer [9°1. The pore size
is crucial in ion mobility and small size pores do not affcet double layer capacitance since they
have been unable to form. Also, in the paper stated by Li et al., some of the pyrolyzed Cd powders
contained low surface areas (18 m2/g) before activation with KOH but after activation, this value
ramped up to (622 m2/g) 891, As aresult, activation with KOH prior to ORR test might increase the
surface area of pyrolyzed CdIF-1 samples,thus catalyticactivity in ORR. Due to this fact, the given
CV graph clearly states that the pyrolyzed CdIF-1 samples contain micropores or they are non-
porous. As indicated in the previous section, in the course of the pyrolyzing step, unwanted
morphological and chemical changes wereobserved,which mayleadto the reduction in porosity
or even the collapse of the whole framework. The effect of porosity has been discussed already in
theliteratureand it has been found out that higherporosity leads to more redox areas and shorter
ionic diffusion distances and hence, higher charge transfer [100]. It is also worth mentioning here
although more porous materials have shown better catalytic performances, the hierarchical
porous structure (a combination of micro and mesopores) yields better results [101]. In the case of
Zn-ZIF-8 samples, all of them have shown better catalytic performance because of their more
porous structure and Zn-900 has shown the best performance due to better hierarchical pore

structure.

After CV measurement lasted for 25 cycles, LSV measurements are done for all of the samplesin
6 different rotation speeds and these are 400,625,900,1225,1600 and 2000 rpm. All measured
potentials were converted from the Hg/HgO and Ag/AgCl electrodes using the equation given

below:

Erpe = ERef.Electrode + 0.059xpH (21)

Where, Egef piectroae Values for Hg/HgO and Ag/AgCl are 0.098 and 0.1976, pH values of
electrolytes are 13 and 0.3, respectively. The calculated potentials then corrected in order to

eliminate the resistance of the solution, which is given below:

Eir—correctea = E — IR (22)
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Where i is the measured currentand R is the electrolyte resistance measured by EIS at the given
frequencies, which were given in table 4.
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Figure 35: LSV curves of pyrolyzed Cd samples in 0.1M KOH with scan rate of 10 mV and in 1600rpm, Cd-750, Cd-850
and Cd-900 corresponds to black, red and blue lines, respectively.

Fig.36 shows the LSV curves of Cd samplesat 1600 rpm with a scan rate of 10mV. Itis clear from
the graph that all of the samples possess similar onset potentialand limiting currentdensities.
When compared with the blankelectrode, all samples have shown obvious catalyticactivity for
ORR [102], [n addition to that, exchange currentdensity ofthe Cd-750 is higher than the other Cd

samples, since ithas shown much higher N contents, which can be seen from Table 4.
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Figure 36:LSV curves of pyrolyzed Zn samples in 0.1M KOH with scan rate of 10 mV and in 1600rpm, Zn-750, Zn-850
and Zn-900 corresponds to black, red and blue lines, respectively.

LSV curves for Zn-ZIF-8 pyrolyzed at different temperatures were given in Fig.37. The limiting
current density increases with temperatures significantly. Better performance of Zn-900 can be
the reason for better electrochemicaldouble-layer capacitance as aresult of alarger surface area,
which can be seen on the given CV cycles in Fig.35. Although surface area decreases when the
temperature isincreased, the incorporation of bigger poresintroduces more surfaces capable of
having double-layer, which might be the case for Zn-900. More detailed information about the
pore structure can be obtained with Brunauer-Emmett-Teller measurement. Another reason for
increased performance with increasing temperature is more graphitization occurred in higher

temperatures.

Pt/Cis used as a reference catalyst, which hasbeen used as a benchmark for all catalystsin ORR
applications. For comparison, samples that pyrolyzedat 750 oC were chosen, since the aim of this
experiment was to obtain MOF-derived catalyst at lower temperatures than the common (72 73],

LSV comparison of pyrolyzed Zn-ZIF-8, CdIF-1 samples and Pt/C reference catalystwere given in

the figure below.
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Figure 37:LSV curves of pyrolyzed Zn samples in 0.1M KOH with scan rate of 10 mV and in 1600rpm, Pt/C, Cd-750 and
Zn-750 corresponds to black, red and blue lines, respectively.

The catalytic performance of Pt/C was superior when it is compared with both samples. The

current density and onset potential of Pt/C is a match with the previous reports and thus, all of
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the obtained results are consistent. The importantthingabout the performance comparison of the
two catalysts is that, although Zn-750 has a better onset potential, the increase in the current
density of Cd-750 was much rapid. This behavior can be explained by the slower ion access to the
active surface areas. Despite this setbackdue tolower porosity, the limiting current density of the
Cd-750 was higher than Zn-750, which shows that the catalytic activity of Cd sample was much
higher.

The effect of mass transport is measured by the K-L (Koutecky-Levich) equation, which is a
“powerful and versatile tool” [103]. Low enough potentials were chosen to plot K-L diagrams since,
in higher absolute overpotentials, kinetics have no effect on current density. The only limiting
factor is the mass transport in which Levich behavior applies. Kinetic data were calculated with

the K-L equation which is given below.

1_1,31_ 1 4 1 (23)

JoJu Jk Bw% nFKCeo

2 1
B = 0.62nFD3v sc,, (24)

Where, 1/B is the slope of K-L plots, j is the obtained current density (A m-2), j, and j, are
diffusion-limited current density and kinetic current density (A m-2), w is the angular velocity of
the RDE (s-1), Fisthe Faraday constant (96,485 C mol-1), D is the diffusion coefficient of 02in 0.1M
KOH and 0.5M H2S04 (1.9 x 109 m2 s-1) and (1.4 x 10-9 m2 s-1), vis the kinematic viscosity of the
electrolytes (10-6 m2s-1) and c,, isthe bulk concentrations of Oz in 0.1M KOH and 0.5M H2S04 (1.2

mol m-3) and (1.1 mol m-3), respectively.

The potentials that were used to make K-L plots are -0.1V-0.05V. K-L plots of pyrolyzed Cd
samples and calculated electron transfer number (n) in 0.1M KOH solution were given in Fig.39.
All of the K-L plots have shown linearity and dedicated slopes were calculated with these lines.
Among these catalysts, Cd-750 has shown the highest n values (~ 3.4). The electron transfer
number of Pt/C catalyst is calculated as 4. In order to understand the kinetic differences of ORR
between all of the samples, Tafel-plots were used. Generally, low Tafel-slope values are regarded
as faster kinetics [104. Tafel-slopes were calculated by the K-L plots given in Fig. 39 and all of the
pyrolyzed Cd samples have shown low Tafel-slopes. Tafel-slopes of the pyrolyzed Cd samples are
72 mV dec?t, 74 mVdec!and 71 mV dec-, respectively. Calculated Tafel-slopes were compared
with Pt/C, which is 68 mV dec-1. Tafel values of pyrolyzed Zn samples were also calculated and
they were in the range of 200 mV dec-1to 240 mV dec't, which indicates better catalytic kinetics
of pyrolyzed Cd samples.
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Figure 38: K-L plots of Cd-750, Cd-850 and Cd-900, electron transfer number of Cd-750, Cd-850 and Cd-900 in 0.1M
KOH solution

The ORR performances of the pyrolyzed samples werealso testedin 0.5 M H2SO4 solution in order
to understand the mechanistic differences between basicand acidic media. The difference comes
from the presence of OHaq and the behavior against the active sites. The OH a4 presence blocks the
direct absorption of Oz to the active site in acidic solution [195]. On the other hand, OH.q not only
blocks the 02 adsorption but also supports the outer-sphere electron transfer which makes the
identity of the electrode material non-specific [105l. Thus, a wide range of non-noble

electrocatalysts can be used in basic solutions but not in acidic solutions.

Pyrolyzed samples were tested in the same conditions besides the electrol yte and results have
shown that the ORR performances were heavily reduced, which correlates with the information
giveninthe literature. Moreover, the overpotentialsincreased rapidly. The LSV plots of Cd-750 at
1600 rpmin 0.1 MKOH and 0.5M H,S04 were given below.

50



00} I
05+
T a0l  0BMH,SO, I‘.
(&) | /
E 1,5 F /
g 20r /" 0AMKOH
5 I M,w“/
O -25F L
3.0 ¢
-3,5 -
_4,0 i ) 1 L | " | : | " 1 L | : 1

-0.4 -0,2 0,0 0,2 0,4 0,6 0,8 1,0 1,2
Potential (V vs. RHE)

Figure 39: LSV plots of Cd-750 with a scan rate of 10mV in 0.1M KOH and 0.5M H2SO4at 1600rpm, respectively

The Tafel-slopes of the pyrolyzed samples in acidic media are much higher than those in basic
media. Tafel-slope values of pyrolyzed Cd samples werearound 200 mV dec-1, whileZn samples e
showed values around 600 mV dec-1. As a comparison, Tafel-slope value of Pt/C in acidic media
was calculated as 33 mV dec-1. Results have shown that none of the samples have good catalytic

ORRKkineticsin acidic media.

The OER performances of the pyrolyzed samples were also tested, but none of the samples have
shown significant catalytic performances. Moreover, measured exchange current densities were

much lower than the reference Pt/Ccatalyst, which is known withits mediocre OER performance.
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Conclusion

In summary, Zn-ZIF-8 synthesis with controllable particle size was performed by adjusting the
amounts of Zn-salt, organic and modulating ligands that were used. CdIF-1 synthesis was also
performed and the effects of used modulating ligand, material ratio and other factors were
examined and similar particle size of Zn-ZIF-8 and CdIF-1were synthesized. Synthesized particles
were characterized by using XRD and SEM. Synthesized samples were pyrolyzed in a vacuumed
quartz glass in various high temperatures to see the effect of pyrolysis temperature. The
pyrolyzed powders were examined by XRD, SEM and EDS to understand the final morphology and
contents to support the results obtained from electrochemical tests. The electrochemical
performance of the pyrolyzed samples were tested using carbon glass RDE in di fferent media. The
obtained results did not match with the predicted ones, since the collapse of the frameworkand
hydrolysis happened in the pyrolysis step. This finding was confirmed when the CV diagrams of
both pyrolyzed Zn-ZIF-8 and CdIF-1 were compared. Despite having lower surface areas, Cd
samples have shown similar or better limitingcurrent densities in moderately high temperatures.
In addition to that, calculated Tafel-slope values were in the range of 71 mV dec-1to 74 mV dec-},
which have shown that catalytic kinetics of pyrolyzed Cd samples are on par with reference to
Pt/Cand much better than Zn-ZIF-8. Electron transfer values of Cd sampleswere better than some
of the porous carbons reported in the literature, which isimportant as Cd samples donot possess
porosity and surface area. In acidic media, none of the pyrolyzed samples have shown good
catalytic performance and overpotentials increased rapidly. Lastly, OER performance of the
samples were tested and obtained results were not close to Pt/C, which is known with its

mediocre OER performance.
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Future work

Although pyrolyzed Cd samples performed betteror similar toZn-ZIF-8samples, theresults were
not satisfactory. In order to obtain clear information about possessed porosity and surface areas
of pyrolyzed Cd samples, BET measurements were required. The problems related to
morphological changes and the rapid reduction in surface areashould be characterized deeply, to
understand the mechanics behind it. Moreover, the methods mentioned in the literature in order
to activate the porous carbon structure with KOH could be a possible solution to increase the

surface area and porosity, which might solve the
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