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ABSTRACT OF THE DISSERTATION

Metal Organic and Covalent Triazine Frameworks as Templates for the Synthesis of Metallic

Nanostructures and Doped Carbons

by

Boris Volosskiy
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2017

Professor Xiangfeng Duan, Chair

Metal Organic Frameworks (MOFs) are highly porous, crystalline frameworks composed of an
organic linker and a metal oxide cluster. Covalent Triazine Frameworks (CTFs) are a subclass of
MOFs and similarly are highly porous crystalline frameworks, but unlike MOFs, are composed
of purely organic building units. Since the initial reports of a successful synthesis and
characterization of MOF-5 in 1995, the interest in these frameworks has exploded. The ability to
design the MOF properties and functionality by simply selecting the starting precursors make
MOFs optimal materials for a multitude of fields. However, even with all of the research being
conducted, there are many MOF applications yet to be discovered. In the first part of this thesis
we explore the application of MOFs as templates for the synthesis of metallic nanostructures
based on the size and the shape of the MOF pores. The limitless number of MOF structures with
different pore shapes and sizes allow for the synthesis of nanostructures with any desired shape
or size. It is shown that by using MOF-545 with one dimensional pores, well aligned, ultra-thin

gold and platinum nanowires are grown. The nanowires inside the MOF pores are confirmed by



imaging the focus-ion beam cross-section of the metal loaded MOF-545 using a transmission
electron microscope. In the second part of this thesis, the use of MOFs as a precursor to fabricate
nitrogen and metal co-doped carbons is discussed. MOF-545 is an excellent precursor for one-
pot synthesis of metal and nitrogen co-doped carbon wires. Two different annealing methods are
studied, either under pure argon or argon mixed with air impurities, and the resulting carbon
wires are tested as an electro-catalyst for oxygen reduction reaction (ORR). Surprisingly, the air
treated carbon wires show much higher ORR activity, comparable to that of platinum in basic
electrolyte. Finally, the last part of this thesis will discuss controlling the surface area and
porosity of carbon frameworks fabricated from CTFs. By using three different precursors, 12
carbon networks are synthesized and analyzed for porosity, surface area and capacitance. By
varying the precursor composition and ratio, as well as the temperature, we are able to control
the average pore size distribution between 1-17 nm, while the samples treated at 900°C show the

best capacitance of 130 F/g.
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Chapter 1: The rise and evolution of Metal Organic Frameworks
1.1 Introduction to MOFs

In the last two decades, Metal Organic Frameworks (MOFs) have emerged as a new class of
porous, multifunctional materials with great variations in their structures and properties.'? First
reported by Yaghi et al. in 1995, MOFs are composed of oxo-metal clusters which are linked
together by organic linkers.®> The combination of these two building blocks form crystalline
extended frameworks as seen in Figure la. Early interest in MOFs was due to their ultra-high
surface,*® stemming from the stability of the MOF structure and initial reports showing that
upon the removal of the solvent molecules from the pores, the crystalline structure is fully
maintained.” Figure 1b shows an isotherm that was reported for one of the earliest MOFs
synthesized (MOF-5), having a BET surface area that exceeds 2000 m2/g.® Unlike similar
extended solids such as zeolites or organic polymers, the structure of MOFs is easily controlled
by the molecular structure and composition of each building block and therefore provides a large
advantage over comparable materials. The metal clusters can be composed of nearly any metal,
while the organic linkers can be selected from all of the organic molecules which can attach to a
metal or an oxo-metal cluster, resulting in limitless possibilities of MOF structures and

functionalities.
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Figure 1. (a) Schematic showing the general MOF fabrication.? (b) Nitrogen gas sorption and

desorption of MOF-5 at 78 K .2



1.2 Applications of MOFs in gas storage, separation and catalysis

The simplicity of functionalization and ultra-high surface area make MOFs of great interest in
an extensive list of applications such as gas storage, separation, and catalysis.®>*2 A variety of
different chemically, optically, magnetically, electrochemically, and catalytically active metal
ions/clusters and organic linkers were incorporated, with many different pore shapes and sizes.
Figure 2a shows a graphical representation of the various applications that MOFs were reported
and studied for, from the first reports and up to 2009, reflecting the versatility and excellent
properties of these materials. As an example Figure 2b and 2c show a MOF containing
pyrazine-2,3-dicarboxylates and its corresponding isotherm, showing selective uptake of CoH2.1
The linkers used were specifically selected to interact with C>H>, with the pore dimensions
designed to maximize these favorable interactions. Based on these studies of selective gas uptake
in MOFs, it became apparent that these same functional groups can also be used to stabilize
reaction intermediates. Furthermore, the pore dimensions can provide confinement effects,
leading to MOFs being investigated and ultimately reported as very active catalysts for a
multitude of different reactions. The ultra-high surface area also is able to assist in diffusion of
reactants and products, while the stability and insolubility makes MOF based catalysts easy to

recycle and re-use for many trials.
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Figure 2. (a) A graph depicting the various applications MOFs have been investigated for prior
to 2009 (SciFinder).® (b) Structure of Cu pyrazine-2,3-dicarboxylate MOF used for selective

C2H. uptake. (c) Isotherm showing the comparable uptakes of C,Hz and CO, 3
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1.3 Incorporation of biological molecules into MOFs

With the number of MOFs with different structures and applications quickly expanding each
year, numerous groups became interested in incorporating biochemical molecules and enzymes
into a MOF. Molecules such as porphyrin have been designed through evolution to perform
numerous functions and can be found in red blood cells, plant chlorophyll and as active sites in
oxidative catalysts in cells.®® Apart from biological systems, extensive research has been
conducted to better understand and mimic the biological activity and properties of these
molecules. Based on these studies performed, porphyrins have been reported as active catalysts,
photoactive molecules used in dye sensitized solar cells, metal binding sites and sensors. 68 It
was proposed that by incorporating a porphyrin molecule into a MOF, the properties and activity
observed can be maintained, while also showing enhancement and synergy due to the
assimilation into an ordered crystal framework. Since the initial interest, numerous frameworks
incorporating porphyrin molecules have been reported, with two of these examples being MOF-
545 and MOF-525 as seen in Figure 3.1 Both MOFs are composed of porphyrin molecules
linked to zirconium oxo-clusters. Interestingly, the same set of precursors yields two different
MOF structures, based on the precursor ratios and the geometry of the resulting oxo-clusters. In
the initial report, both MOFs were confirmed to maintain the properties of porphyrin molecules
in providing metal binding sites for transition metals and absorbing visible light. Following
reports went a step further by successfully using a zirconium and porphyrin MOF as a catalyst
and a pH sensor. 1920

MOF-545 is just one example to demonstrate that by designing the MOF structure and
composition, the resulting characteristics and properties can be designed for specific

applications. With the tremendous number of possible compositions, structures and the ability to



incorporate large, complex biological molecules, there are limitless number of applications for
which MOFs can be designed and used. The applications discussed in this introduction are just a
small percentage of all of the applications that MOFs have been studied for up to date, and even
with all of the research in the last two decades and ever-growing numbers of MOF reports, there
are many applications for which MOFs are yet to be designed and tested for.

1.4 Applications of MOF-545 as a template and a precursor

The first two chapters in this thesis explore new applications of MOFs as templates for
metallic nanostructure synthesis and precursors for doped carbon frameworks. In chapter one, we
explore the use of 1D MOF-545 pores as templates for the synthesis of metallic nanowires. We
successfully show that gold and platinum, well aligned ultra-thin nanowires are synthesized
inside of the MOF-545 pores, with diameters of the nanowires matching the pore diameter. This
work illustrates that MOFs can be used to control the shape and size of metallic nanostructures,
replacing the need for bulky binding ligands and complex synthetic procedures to obtain specific
shape and size of the resulting nanostructure.

In the following chapter MOF-545 is used as a precursor for the fabrication of copper and
nitrogen co-doped carbon for applications in electrochemistry. In recent years, metal and/or
nitrogen doped carbons have attracted a lot of attention due to their excellent activity for various
electrochemical reactions.?2?? The synthesis of such carbon frameworks often requires multiple
steps during which the carbon framework is doped with nitrogen and metals. Unlike many of the
other starting precursors, MOFs can be used to fabricate the doped carbon frameworks in one-
pot, one-step process, since the initial MOF structure can be tuned to contain desired metal and
nitrogen content. MOF-545 is a great example, as the porphyrin molecules contain nitrogen

groups and metal binding sites. The resulting carbon wires, pyrolyzed from Cu-MOF-545 at



900°C under a mixture of argon and air turn out to be excellent catalysts for the oxygen reduction
reaction.
1.5 Covalent Triazine Frameworks

Covalent Triazine Frameworks (CTFs) can be considered a subclass of MOFs. Unlike MOFs,
CTFs are composed of purely lightweight element precursors (C, N, O, B and H), but still link
together to form, well-defined porous frameworks. While MOFs have been around for two
decades, CTFs are a rather new sub-class of materials, first reported in 2008, and identified by
the triazine linkages as seen in Figure 4.2 Apart from being lighter than MOFs due to absence of
metallic clusters, CTFs have also been reported to show electrical conductivity due to fully
conjugated networks, making them very attractive candidates for electrical devices and
applications in electrochemistry. The final chapter in this thesis studies the application of CTFs
to fabricate carbon networks with varying pore sizes and surface areas, for use in
electrochemistry and energy storage. By varying the starting precursor composition, precursor
ratio and temperature, we show that the pore dimension can be tuned from 1-17 nm. The samples
are treated at three different temperatures: 400°C, 700°C and 900°C, with the 900°C samples

showing the highest capacitance.
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Chapter 2: Metal-Organic Framework Templated Synthesis of Ultrathin, Well-Aligned
Metallic Nanowires
2.1 Introduction

To date, the research efforts on MOFs have been primarily focusing on the synthesis of new
structures for general applications in gas storage and separation.!* More recently, other
properties and applications have been explored including catalysis, sensing, and as components
for the synthesis of hybrid materials.>*2 In particular, there have been numerous reports of noble
metal nanoparticles and MOF hybrids (metal @ MOF) for a variety of applications. Furukawa and
co-workers reported the synthesis of a MOF shell around previously synthesized Au nanorods,
which they used for photo-thermal gas release.’® Huo et al. reported similar growth of a zeolitic
imidazolate framework (ZIF) around a variety of noble metal nanostructures, which were
characterized for optical and catalytic applications.!* These two reports are just a few of the
recent examples in this rapidly growing field due to the interesting properties and promising
applications of these hybrid materials.?>2% Despite the increasing reports in the past few years,
there are none that emphasize synthetic possibilities of using pore dimension to control the shape
and size of the resulting nanostructures.

Extensive research has been conducted on controlling the shape and size of metal
nanostructures due to their unique plasmonic resonance, catalytic behavior and sensing ability,
among many other promising applications.?*% A variety of metallic nanostructures of different
shapes and sizes have been synthesized. Challenges still remain in fully controlling the
dimensions and morphologies of these nanostructures, as well as maximizing the exposure of the
active surfaces.?®?’ By using surfactants or selected capping ligands, the shape and size can often

be precisely controlled, but the capping ligands limit the accessibility of the surface. A potential
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solution to this challenge is to use a template that confines the growth of the nanostructures. This
can prevent aggregation, control the shape, size, and allow for a large percentage of exposed
metallic surface due to the absence of surfactants. An ideal template should have nano-sized
pores that could easily be modified to display a variety of shapes and sizes, as well as maintain
its structure in a multitude of conditions. High surface area is also optimal to allow access to the
resulted nanostructures, without having to dissolve away the template.?® Importantly, MOFs fit
all these requirements and furthermore have also been shown to exhibit synergistic effects and
properties. The hybrid nanoparticles@MOF materials have been shown to display unique
catalytic, sensing, chemi- and physisorption capabilities not found in either nanoparticles or

MOFs alone.2%-33

Figure 1. Model of MOF-545 with 1D pores as templates for the synthesis of well-aligned

nanowires.

There have been previous reports of growing nanoparticles inside 3D MOFs, but to the best of
our knowledge, there is no report that uses 1D MOF pores to grow 1D nanostructures. Here we

demonstrate the first example of using 1D-channel MOF pores to synthesize well-aligned Au and
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Pt nanowires with the dimensions determined by the size of MOF pores. Figure 1 schematically
illustrates the formation of well-defined metallic nanowires inside the 1D pores of the MOF-545
template. MOF-545 contains cubic ZrsOs(CO2)s(H20)s as the secondary building units, which
are connected by four coordinated tetrakis(4-carboxyphenyl)porphyrin (TCPP) linkers. These
two components form a hexagonal framework with unit cell parameters of a = 42.545 A and ¢ =
16.96 A.3* MOF-545 features channel like pores along its C-axis with a channel periodicity of 37
A. Considering the out of plane benzene rings, bulky zirconium clusters and solvent molecules
around the clusters, the inner diameter of the channel is expected to be approximately 30 A in

diameter (Figure 2).

Figure 2. (a) Theoretical model of MOF-545 showing a 3.1 nm sphere inside the pores. (b) A
model of MOF-545 constructed using single crystal data, which includes solvent molecules

around zirconium clusters and fitted with a 3 nm sphere inside the pores.
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2.2 Methods

Synthesis

Au@MOF-545 in acetone/water/hexane: 9 mg of gold chloride hydrate HAu(Il)Cls were
dissolved in 10 ml of acetone/water/hexane. 0.5 mg of MOF-545 was added to the solution, and
the capped vial was briefly sonicated and allowed to react for 14 hours at 35 °C. The MOF was
then exchanged with acetone 3 times to wash away any unreacted precursor.

Au@MOF-545 in NaOH: 9 mg of gold chloride hydrate HAu(l11)Cls were dissolved in 9.6 ml of
water and 2.5 mg of NaOH. 0.5 mg of MOF-545 was added to the solution, and the capped vial
was briefly sonicated and allowed to react for 14 hours at 35 °C. The MOF was then exchanged
with water and acetone 3 times to wash away any unreacted precursor.

Au@MOF-545 in sodium acetate: 9 mg of gold chloride hydrate HAu(l11)Cls were dissolved in
9.6 ml of water and 20 mg of sodium acetate. 0.5 mg of MOF-545 was added to the solution, and
the capped vial was briefly sonicated and allowed to react for 14 hours at 35 °C. The MOF was
then exchanged with water and acetone 3 times to wash away any unreacted precursor.
Au@MOF-545 in acetic acid: 9 mg of gold chloride hydrate HAu(I11)Cls were dissolved in 9.6
ml of water and 0.4 ml of glacial acetic acid. 0.5 mg of MOF-545 was added to the solution, and
the capped vial was briefly sonicated and allowed to react for 14 hours at 35 °C. The MOF was
then exchanged with water and acetone 3 times to wash away any unreacted precursor.
Pt@MOF-545 in acetic acid: 7 mg of platinum chloride hydrate H2Pt(I1)Cls were dissolved in 9.6
ml of water and 0.4 ml of glacial acetic acid. 0.5 mg of MOF-545 was added to the solution, and
the capped vial was briefly sonicated and allowed to react for 14 hours at 35 °C. The MOF was

then exchanged with water and acetone 3 times to wash away any unreacted precursor.
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Pt@MOF-545 in EG/formic acid: 7 mg of platinum chloride hydrate H2Pt(I11)Cls were dissolved
in 9.6 ml of ethylene glycol and 0.4 ml of formic acid. 0.5 mg of MOF-545 was added to the
solution, and the capped vial was briefly sonicated and allowed to react for 14 hours at 30 °C.
The MOF was then exchanged with water and acetone 3 times to wash away any unreacted
precursor.

Characterization

XRD analysis was performed using Bruker D8 Discover Powder X-ray Diffractometer. TEM
images were taken using T12 Quick CryoEM and CryoET (FEI) using 120 kV. The high
resolution TEM image were taken using FEI TITAN transmission electron microscope operated
at 200 kV. The samples were prepared by dropping ethanol dispersion of samples onto carbon-
coated copper TEM grids (Ted Pella, Redding, CA) using pipettes and dried under ambient
condition. Surface area measurements based on nitrogen isotherms were conducted using a

Micromeritics TriStar II 3020.
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2.3 Results and Discussion

MOF-545 template was prepared using a previously reported method,3* and its structure was
confirmed by powder x-ray diffraction (PXRD). The most prominent diffraction peaks at 36.9 A
and 18.5 A correspond to the (010) and (020) lattice spacing of the MOF-545 crystals (Figure
3a). The morphology of the as-synthesized MOF was characterized using transmission electron
microscopy (TEM) (Figure 3b-d). In general, the MOF crystals exhibits a wire-like morphology
(Figure 3b and inset). The high magnification TEM images show clear lattice fringes
perpendicular and parallel to the nanowire axis, which can be mistaken as the pore channels at
first glance (Figure 3c, 3d). A careful analysis of the high magnification TEM images reveals a
line spacing of 1.65 nm (Figure 3c) and 1.85 nm (Figure 3d), respectively. Upon further
analysis of these gratings in a high resolution TEM image and its fast Fourier transform (FFT)
(Figure 4), the 1.85 nm distance seen in Figure 2d corresponds to the spacing between (020)
lattice planes. The 1.65 nm spacing that can be seen perpendicular to the MOF nanowire axis

corresponds to the (001) direction (Figure 3c).
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Intensi

Figure 3. Characterization of the as-synthesized MOF. (a) PXRD of the as-synthesized MOF-
545. (b) Low magnification TEM image of the MOF, showing wire like morphology. The inset
shows a lower magnification image with multiple MOF wires. (c) High magnification TEM
image showing (001) lattice fringes perpendicular to the MOF wire axis. (d) Low magnification
TEM image showing (020) lattice fringes parallel to the MOF wire axis. The red arrows indicate

the MOF wire axis direction.
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Figure 4. High magnification HR-TEM image of the MOF-545 structure with an FFT
representation (upper left inset). The upper right inset shows a lower magnification image of the

MOF-545 wire.

It was hypothesized that the growth of the nanowires inside the MOF pores required the
metallic precursor solution to favorably diffuse inside. Once the metal ions are within the MOF
pores, optimal nucleation and growth rates are crucial to obtain dense nanowires arrays
throughout the MOF. The ideal reduction conditions would prevent excessive growth that could
lead to MOF breakdown, while still allowing the formation of long nanowires. To this end, the

solvent and reduction agent are essential. To discover the best solvent system, we attempted
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loading and reducing gold chloride in a series of solvents, including water, acetone, hexane,
acetic acid and sodium hydroxide. The reaction solution was prepared by dissolving 9 mg of gold
chloride hydrate in 10 ml of solvent and 0.5 mg of MOF-545 was added to the mixture. The vial

was capped and allowed to react at 35 °C for 14 hours.

Figure 5. MOF-545 as a template for the nucleation and growth of Au nanoparticles. (a) TEM
image shows the high density of small Au particles, synthesized by low heating of Au precursor
in acetone. (b) TEM image of samples synthesized in water, displaying nanorods and wires in

high density with diameters on average ~10 nm.

In general, because of the polar nature of MOF-545 crystals, the MOF particles cannot be
dispersed well in non-polar solvents such as hexane, and consequently, no gold nanoparticles
were observed in the MOF pores or on the MOF surface. In the case of acetone solution, a high
density of high contrast Au nanoparticles were seen in the MOF crystals (Figure 5a), suggesting

that gold chloride dissolved in the acetone can readily diffuse into the MOF pores and favorably
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interact with the MOF-545 template. The observation of nanoparticles inside the MOF pores
confirms the presence of precursor inside the MOF, but there is an apparent lack of elongation.
The lack of growth along the longitudinal direction of the pores is likely due to the absence of a
reducing agent and very high [H*] concentration (from the strong acidic nature of the gold
chloride hydrate precursor), conditions in which gold chloride may not be readily reduced.

in acetone.

Intensity
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Figure 6. PXRD showing retention of the overall MOF-545 structure and appearance of Au(0)

peaks, synthesized in the water solvent system.

Interestingly, the reactions in water produced a large number of elongated nanowires inside the
MOF crystal (Figure 5b). It is evident from the TEM image that the Au nanowires exhibit
variable diameter distribution with an average around 10 nm. This diameter is considerably

larger than the expected value based on the 3.0 nm pore diameter in the MOF crystals, which
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suggests partial breakdown of the MOF crystal. Structural analysis by XRD reveals expected
MOF-545 diffraction peaks and the appearance of Au peaks (Figure 6), suggesting that the
overall MOF-545 structure is maintained despite the partial breakdown during formation of
larger Au nanowires.

As compared with acetone, the reactions in water had much lower [H*] with an initial pH of
3.1. It has been previously suggested that the redox potential of gold chloride increases with
pH.*>37 Therefore with decreasing [H*] concentration and increasing pH, it is not a surprise to
see more gold chloride reduction and gold nanoparticle formation. We have further investigated
the dependence of the MOF stability and gold aggregation based on pH by conducting the
reaction in 0.001M NaOH with an initial pH of 7.7. These reactions showed very large
aggregates with no apparent shape, and excessive MOF breakdown, confirming the increased
reduction and MOF breakdown under high pH conditions.

Finally, the samples prepared in 0.5 M acetic acid show a high density of ultra-thin, well-
aligned nanowires with diameters of 2-3 nm (Figure 7). The results seen in this system can be
attributed to the presence of acetic acid as a weak reducing agent as compared to the system with
just water. The reactions done in acetic acid were measured to have initial pH of 2.95, very
similar to the pH of 3.10 observed in water. The presence of acetic acid as a reducing agent
likely promotes more nucleation, which in turn limits the amount of precursor left for elongation
and growth. The slightly lower pH may enhance MOF stability and thus lead to the formation of
highly uniform nanowire arrays defined by the MOF pore dimension. Further evidence can be
seen when comparing the densities of wires synthesized in water to those synthesized in acetic
acid. It is evident that there is a much higher density of thinner nanowires in the acetic acid

system (Figure 7), as compared to lower densities of larger nanowires in water (Figure 5a).
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Figure 7c shows the XRD data of the samples synthesized in acetic acid, confirming the

retention of the MOF structure and appearance of gold peaks (Figure 7c inset).
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Figure 7. Au nanowire formation in MOF-545 in 0.5 M glacial acetic acid. (a,b) TEM image
showing long, thin, aligned nanowires with 2-3 nm diameters at (a) lower and (b) higher
magnifications. (c) XRD of Au@MOF-545 using acetic acid solvent system, showing retention
of the MOF structure and confirming Au(0) formation. (d) TEM images with the hexagonal

MOF template showing the cross section of the MOF and Au wires.
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The high densities of wires make it rather challenging to image individual nanowires due to
significant overlap and limited contrast, especially toward the center of the MOF wire. To further
confirm the presence of the gold nanowires inside the MOF pores, we prepared a cross-section
sample using focused ion beam (FIB) cutting, and analyzed the sample by TEM imaging (Figure
7d). The TEM image showed that the cross-section of the MOF containing a high density of
round Au cross-sections. Furthermore, it is apparent that the nanoparticles in the cross section fit
into a hexagonal structure of the MOF template. The optical properties of the Au@MOF samples
containing the ultra-thin nanowires were characterized using fluorescence measurements and
UV-Vis (Figure 8, 9). The UV-Vis showed a shift of the S and Q band peaks, consistent with the
formation of Au(111)TCPP.*8* The small 2-3 nm diameter of the gold nanowires and presence of
the porphyrin-MOF shell highly limits the relative intensity of the transverse plasmon resonance,
and makes it nearly impossible to isolate the plasmon resonance peak from the Q band at 535
nm.38% The fluorescence of the Au@MOF samples was quenched (Figure 8) and can be

attributed to the formation of the Au(l11)TCPP complex and quenching by the gold nanowires.*®

42
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Figure 8. Fluorescence measurements for MOF-545 (red), Au@MOF-545 (black) and

Pt@MOF-545 (blue) using a 488 nm excitation laser.
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Figure 9. UV-Vis absorption measurements of TCPP (red), MOF-545 (blue), Au@MOF-545
(black) and Pt@MOF-545 (green). The measurements were performed using a thin layer of the

sample on a glass slide.

The above studies clearly demonstrate that MOF crystals can function as a robust template for
the synthesis of ultrafine nanowires with precisely controlled diameter. To further show that this
IS a general strategy that can be extended to a wide variety of materials, we have used MOF-545
as the template to prepare Pt nanowires. At first, the same synthetic system was attempted; 0.5M
acetic acid solution containing platinum chloride hydrate was added to MOF-545. The initial
reactions led to very high densities of particles (Figure 10), very similar to the results seen with
gold in acetone. These results were consistent since Pt(lI)/Pt has a lower redox potential
(E°=1.19 V) than Au(lI)/Au (E°=1.54 V), and therefore would require stronger reducing
environment to mimic the same reduction and nucleation rates used for gold. To this end, we
have used a stronger reducing environment (formic acid in ethylene glycol) to successfully

obtain a high density of ultra-thin, well-aligned Pt nanowires with diameters of 2-3 nm (Figure
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11a, 11b) in MOF-545. We have also investigated the Pt@MOF material using cross-sectional
TEM images. The lower magnification TEM showed a high density of nanowires throughout the
cross section (Figure 11c), displaying hexagonal symmetry with a periodicity of 4.2 nm (see
FFT in inset in Figure 11c). The high magnification images were overlaid by the MOF-545

model (Figure 11d), further demonstrating the expected hexagonal array.

100 nm 50 nm

Figure 10. TEM images showing high density of Pt particles in MOF-545 using acetic acid

conditions that were used for nanowires synthesis of Au@MOF-545.

The Pt@MOF-545 samples were also characterized by fluorescence measurements, UV-Vis,
XRD, as well as BET surface area measurements (Figure 8, 9, 12, and 13). The fluorescence
measurements showed the same type of quenching behavior as seen in AuU@MOF-545 samples.
The UV-Vis spectra showed the overall peak structure of MOF-545 and TCPP. Surface area

measurements were performed on both Pt@MOF-545 and Au@MOF-545 samples, as well as
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bare MOF-545 template. MOF-545 was measured to have a BET surface area of 2200 m?/g,
comparable to the previous reports.®* The BET surface area of AU@MOF-545 or Pt@MOF-545
samples ranged from 100-400 m?/g, depending on the amount of metal loaded. The reduction of

specific surface area is partly attributed to the mass increase upon loading with Au or Pt.

28



Figure 11. Pt nanowire formation in MOF-545 in ethylene glycol and formic acid. (a) TEM
images showing long, thin, aligned nanowires with 2-3 nm diameters. (b) Higher magnification
TEM image of the same area seen in (a). (c) TEM image showing a low magnification cross
section with nanowire growth in the hexagonal lattice as seen by the FFT. (d) Higher
magnification TEM image showing the hexagonal model of the MOF fitted over the cross

section.
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Figure 12. PXRD showing retention of the overall MOF structure and appearance of Pt(0) peaks,

synthesized in formic acid and ethylene glycol.
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Figure 13. Surface area measurements for MOF-545 (orange), Au@MOF-545 (blue) and
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Pt@MOF-545 (red). BET surface area for MOF-545 was calculated to be 2200 m?/g. The BET
surface area of Au@MOF-545 and Pt@MOF-545 samples ranged from 100-400 m?/g, with an

average surface area of ~200 m%/g.
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2.4 Conclusion

In summary, we have demonstrated the first successful synthesis of metal nanostructures in
which the shape of the MOF pore controls both the morphologies and dimensions of the
nanostructures. The nanostructures grown inside the MOF do not have long chain surfactants on
them, and the high surface area of the MOF allows for easy access to the surface. In addition, the
hybrid nanostructures@ MOF can be directly used for catalysis, without having to put the
particles on other substrates post-synthesis. MOFs can not only serve as templates and supports,
but can aslo be modified to enhance or assist the properties and applications of the
nanostructures. The presence of porphyrin active sites, high surface area, plasmonic gold
nanowires or highly active platinum nanowires offer a powerful combination of highly distinct
properties, opening up exciting opportunities for many applications. Notably, the system reported
here offers great potential and is currently being investigated as a synergistic catalyst for a

variety of reactions.
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Chapter 3: Tuning the Catalytic Activity of a Metal-Organic Framework Derived Copper
and Nitrogen Co-doped Carbon Composite for Oxygen Reduction Reaction
1.1 Introduction

Metal organic frameworks (MOFs) consist of an extended framework structure constructed
from metallic secondary building units (SBU) and organic linkers, typically exhibiting
exceptionally high surface area and a multitude of functionalities.» With a broad range of metals
or oxo-metal clusters as the SBUs and essentially limitless selection of organic linkers with
variable structures and function groups, a large number of MOFs have been synthesized.®>* The
great diversity of MOFs opens up potential applications in many areas, including porous
materials for gas storage and separation, nanoscale templates for nanostructure formation, and
more recently precursors for the synthesis of carbon frameworks useful for energy storage and
conversion.? 13

Carbon based nanostructures have been explored as electrodes for batteries and
supercapacitors due to their high surface area and high conductivity, two characteristics critical
for high performance electrochemical devices.!**® Nanostructured carbon materials have also
attracted considerable attention as potential electrocatalysts, inspired by the discovery of
nitrogen-doped carbon nanotubes (NCNTS) as highly efficient oxygen reduction catalysts by Dai
and co-workers.” Additionally, studies have also shown that nitrogen doped carbon can further
be doped with transition metals, resulting in highly active electrocatalysts for a variety of
reactions.'®2

MOFs represent an interesting class of precursors for the synthesis of transition metal and
nitrogen co-doped carbon, as a variety of organic linkers containing amine groups and metal ions

can be selected. Wang and co-workers used a zeolitic imidazolate framework (ZIF) to form a
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cobalt (Co) and nitrogen doped carbon composite, showing ORR activity exceeding that of
platinum (Pt).?* Feng and co-workers used a porphyrin based MOF to synthesize multiple
transition metal and nitrogen doped carbon frameworks,?® and demonstrated that the iron (Fe)
doped material showed the best performance, with the activity comparable to Pt in both acidic
and basic conditions. These initial studies show that MOFs are capable of forming metal and
nitrogen doped carbon materials in one-step, without the need of ammonia gas or complex metal
doping procedures. Furthermore, MOFs typically exhibit extraordinarily high surface areas,
which can be partially retained during the carbonization process, and is desirable for
electrochemical reactions.

Although extensive studies have been conducted in synthesizing and testing a multitude of
metal and nitrogen co-doped carbon frameworks, by using a variety of carbon precursors
including recent efforts in MOFs, there is little consistency and agreement about which transition
metal gives the best performance. Woo and coworkers reported that their material showed the
best performance using Co doping,?® while many other reports have Fe showing the best
performance.'®%’ To this end, studies have been performed on the activity of a series of transition
metals, with findings that Co has the best activity per area, while Fe facilitates the formation of
higher surface area carbon, leading to highest overall activity.?® Even more intriguing is that the
theoretical density function theory (DFT) calculations suggest that the transition metals are not
intrinsically active for ORR, but it is rather the chemical environment and the geometry of the
active sites that lead to the high catalytic activity.?

There is however an agreement that topological defects and synergetic effects from various
dopants enhance ORR activity by changing the electron density on the adjacent carbon layers.*’-

81 Efficient porosity and high surface area are then crucial to allow O, accessibility to these
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highly active sites.3? Here we report the preparation of Cu and nitrogen doped carbon as an
exceptionally active ORR catalyst, by treating Cu-porphyrin-MOF in controlled air environment
at high temperature. The air treatment of the carbon material tailors the porosity, and leads to
accessibility of highly active ORR sites. These findings open up a new avenue to tailor the

catalytic activity of nitrogen doped carbon composite materials.

3.2 Methods

NC and Cu-NC: samples were produced by pyrolyzing 10 mg of Cu-MOF-545 or MOF-545
under pure argon at 900°C for 1 hour, with a 3 hour heating ramp. The pyrolysis was performed
in a quartz tube using a tube furnace.

NC-Air and Cu-NC: samples were produced by first pyrolyzing 10 mg of Cu-MOF-545 or
MOF-545 at 900°C under pure argon as described above, followed by a further treatment in
argon with 1% air impurities for 0-25 minutes (typically 10 minutes).

Electrochemical studies:

A three-electrode cell was used to conduct the electrochemical measurements on a Pine CBP
Bipotentiostat station. The working electrode was a glassy-carbon Rotating Disk Electrode
(RDE) (diameter: 5 mm, area: 0.196 cm?) from Pine Instruments. The measurements were taken
in 0.1M KOH, with a saturated calomel reference electrode and a Pt wire counter electrode. The
working electrode was prepared by dissolving 3 mg of resulting carbon composite in 0.5 ml
ethanol with 5 pl Nafion and depositing 10 pl of this solution on the electrode. For the Pt/C
reference material 1 mg of 20% Pt/C was dissolved in 2 ml of ethanol with 20 pl of Nafion and
10 pl of this solution was deposited on the glassy-carbon electrode. For the hydrogen peroxide
decomposition experiments, a rotating ring disk electrode was used with the same solution

processing.
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Characterization:

XRD analysis was performed using Bruker D8 Discover Powder X-ray Diffractometer. TEM
images were taken using T12 Quick CryoEM and CryoET (FEI) using 120 kV. The high-angle
annular dark-field scanning transmission electron microscope (HAADF-STEM)-energy-
dispersive Xray spectroscopy (EDS) was were taken on a FEI TITAN transmission electron
microscope operated at 200 kV. The samples were prepared by dropping ethanol dispersion of
samples onto carbon-coated copper TEM grids (Ted Pella, Redding, CA) using pipettes and
dried under ambient condition. SEM images were collected on JEOL 6700 and TEM was carried
out on FEI CM 120. X-ray photoelectron spectroscopy (XPS) tests were done with Kratos AXIS
Ultra DLD spectrometer. Surface area measurements based on nitrogen isotherms were

conducted using a Micromeritics TriStar 11 3020.

3.3 Results and Discussion

We choose MOF-545, with zirconia cluster SBUs and porphyrin linkers to form wire-like
crystals, as a model system for our studies. MOF-545 was synthesized using a previously
reported method, and characterized using X-ray diffraction (Figure 1).3* The MOF was then
pyrolyzed at 900°C under pure argon for 1 hour, followed by additionally treatment in argon
with various amount of air impurities for up to 15 min, resulting in different forms of nitrogen
doped carbon (NC) composites (Figure 2). To study the effects of Cu-doping and air treatment,
we prepared four parallel samples, including NC obtained by annealing MOF-545 with metal
free porphyrin linkers (1) in pure argon (NC), (2) and in argon with air impurities (NC-Air); and
Cu-NC obtained by annealing MOF-545 with copper porphyrin linkers (3) in pure argon (Cu-
NC) and (4) in argon with air impurities (Cu-NC-Air). The resulting materials were characterized

for electrochemical activity, surface area and structural properties.
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Figure 1. XRD pattern of the as-synthesized MOF-545, prior to annealing.
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Figure 2. Schematic showing the proposed fabrication of the NC composites.

SEM images of the initial MOF crystals (Figure 3a) and the annealed MOF samples clearly
showed that the wire-like morphology was maintained after the annealing process (Figure 3b,
3c), which can be readily processed and drop-coated on the rotating disk electrode for
electrochemical studies. For the electrochemical characterizations, a rotating disk electrode was
used, equipped with a Pt counter electrode and a saturated calomel reference electrode. The
cyclic voltammetry (CV) curves of the pure argon annealed samples NC and Cu-NC showed a
rather broad and moderate peak around 0.7 V vs. RHE (blue lines in Figure 3d and 3e),
suggesting apparent ORR activity. The ORR activity of these pure Ar annealed samples was
further confirmed by the linear sweep voltammetry (LSV) curves (blue lines in Figure 3f and
39), although with considerably lower performance compared to platinum on carbon (Pt/C)

(black line).
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Figure 3. SEM image of (a) MOF-545, (b) Cu-NC and (c) Cu-NC-Air, with the insets showing a
higher magnification image (the scale bars in the insets are 100 nm). CV scans at 50 mV/s in O2

saturated conditions for (d) NC and NC-air, (e) Cu-NC and Cu-NC-Air. LSV scans performed in

0.1 M KOH, under saturated O2 at 1600 rpm and 20 mV/s scan rate for (f) NC and NC-air, (g)

Cu-NC and Cu-NC-Air.
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To probe the effect of air-impurities, we have systematically investigated the impact of
annealing conditions on the electrochemical performance, in particularly by varying the amount
of air impurities into argon atmosphere and the annealing time. Our initial attempts in treating
the MOF with air impurities in argon during the entire pyrolyzing process, resulted in all of the
carbon being etched away (oxidized), with only white zirconium oxide powder remaining. It was
evident that the amount of air and air-etching time needs to be precisely controlled, to allow for
only partial etching of the carbon, without completely oxidizing all of the carbon material. A
variety of annealing conditions, with different air concentration and treatment duration, were
tested (Figure 4). Out of all the samples tested, the best ORR performance was observed in
samples that were treated at 900°C, with 1% air in argon for 10 minutes. The CV curves of the
NC-Air and Cu-NC-Air show a much sharper ORR peak, with a more positive onset potential
(red curves in Fig 2d and 2e). The LSV curves also show considerable improvement for both
samples (red lines in Fig. 2d and 2e). In particular, the Cu-NC-Air sample shows an apparent

ORR activity slightly better than that of Pt/C.
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Figure 4. LSV curves showing the ORR activity of Cu-doped samples treated with 1% air for

varying durations, (blue) no air, (green) 2 min air, (teal) 4 min air, (purple) 6 min air, (yellow) 8

min air, (red) 10 min air and (black) 25 min air.

To better understand the enhancement in ORR performance, X-ray diffraction (Figure 5) and
surface area measurements were conducted. The XRD data showed the expected zirconium
oxide peaks, with the pure argon treated samples (NC and Cu-NC) having stronger carbon peaks,
while the air-treated samples (NC-Air and Cu-NC-Air) had more significant zirconium oxide
peaks. The nitrogen sorption isotherms indicated that there is a significant increase in surface

area after the air treatment (Figure 6a, 6b). The NC and Cu-NC samples showed a Brunauer,
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Emmett and Teller (BET) specific surface area < 70 m?/g, while the NC-Air and Cu-NC-Air
samples displayed a specific surface area in excess of 240 m?/g. The surface area increase is even
more significant considering that MOF-545 contains ~30% of zirconium oxide, while after

annealing and air treatment the samples contain >50% of zirconium oxide in mass.

NC
= NC-Air
== Cu-NC
= Cu-NC-Air
» c¢-Zirconium Oxide
= o-Zirconium Oxide
= Copper

Intensity

15

Figure 5. XRD spectra for the four different nitrogen doped carbon samples, as well as the

expected peaks for zirconium oxide and copper.
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Figure 6. Nitrogen sorption isotherms used to calculate BET surface area for the (a) NC and NC-

Air, (b) Cu-NC and Cu-NC-Air. Current density vs. sweep rate plots for (¢) NC and NC-air, (d)

Cu-NC and Cu-NC-Air, which can be used to calculate electrochemical surface area (ECSA).

To confirm the importance of the increased surface area for ORR, we have also determined

electrochemically surface area (ESCA), by taking CV measurements at varying scan rates

(Figure 7). Our analysis demonstrates that the NC-Air and Cu-NC-Air show an ECSA of 120

m?/g, while NC and Cu-NC only exhibit half of that (Figure 6¢c and 6d). These results are

qualitatively consistent with the surface area data obtained by nitrogen sorption measurements,

suggesting that the air treatment can partially etch the carbon network and lead to an increase in
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porosity and accessible ECSA. We propose that the etching process is similar to holey graphene
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Figure 7. CV data obtained at varying sweeping rates in for (a) NC-Air, (b) Cu-NC-Air, (c) NC
and (d) Cu-NC.

To probe the kinetics of the ORR, polarization curves were taken at different rotating speeds
(Figure 8a, 8b, 9). The inverses of the negative current density obtained at four different

voltages were plotted against the inverse of the square root of the rotating speed, and fitted
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linearly to obtain a slope (Figure 8c, 8d), from which the electron transfer number can be
calculated for each sample. The Cu-NC-Air sample showed an electron transfer number of 3.9,
while the Cu-NC sample exhibited an electron transfer number of 3.0. For the NC-Air sample,
the electron transfer number was 2.6, also much higher than the 2.0 for the corresponding NC
sample. To confirm the electron transfer numbers obtained, we have also measured the ring
current using a rotating ring disk electrode (RRDE), which gives a measure of the 2-electron
process by electrocatalyzing the breakdown of hydrogen peroxide. Our studies of Cu-NC and
Cu-NC-Air samples show that the ring current from the pure argon annealed sample is more than
two times larger than that from the air treated sample (Figure 8e, inset).

The increase in activity and improved electron transfer suggests that after air treatment new
active sites become available for ORR. Based on previous reports,® it is likely that the air
treatment etches away the outer, less active carbon layers, allowing O to diffuse further into the
framework and access highly active, carbon layers that are adjacent to copper and/or nitrogen
dopants. Furthermore the increase in activity is much more evident when comparing the activity
of the Cu-NC and Cu-NC-air, which is consistent with previous reports that carbon in contact
with metal is oxidized faster.®” In our system the increased oxidation rates this type of carbon
leads to opening up of Cu doped sites.

Apart from efficient electron transfer, a fuel cell catalyst also requires stability over repeated
cycles. To this end, we have tested stability of the MOF-derived ORR catalysts. The Cu-NC-Air
sample was cycled for 5000 cycles in oxygen-saturated conditions without showing much change

in the polarization curves (Figure 8f), indicating that the catalyst is highly robust.
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Figure 8. LSV curves at varying rotation rates of (a) Cu-NC-Air and (b) Cu-NC. (c,d) The
inverse of the negative current density vs. the inverse of the square root of the rotation speed for
(c) Cu-NC-Air (d) Cu-NC, which can be used to determine the electron transfer number. (¢) LSV
curves obtained using a rotating ring disk electrode, showing the ORR activity current, as well as
the ring current for the Cu-NC and Cu-NC-Air samples. (1.46 V vs RHE was applied to the Pt

ring) (f) Stability test showing the LSV curves for the Cu-NC-Air over repeated cycles.
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Figure 10. TEM images showing (a) Cu-NC (b) Cu-NC-Air. STEM images showing (c) Cu-NC

(d) Cu-NC-Air.
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Transmission electron microscope (TEM) and scanning transmission electron microscope
(STEM) studies were conducted to gain further insight into the structure of the annealed
frameworks. Both the TEM and STEM images showed much thinner carbon layers for the air-
treated samples, revealing a rough, porous structure, with large amount of fine particles (Figure
10). Energy dispersive X-ray (EDS) analysis and mapping show a rather uniform distribution of
nitrogen and copper, with roughly 1.5% nitrogen and 0.5% copper (Figure 11 and 12). Such a
small copper content is inconsistent with the sharp Cu XRD peaks (Figure 5). Low resolution
STEM studies show that large Cu particles could be found throughout the Cu-NC and Cu-NC-
Air frameworks (Figure 13), which contribute to the sharp Cu diffraction peaks in XRD. These
large Cu particles can be removed by washing the Cu-doped materials in hot sulfuric acid (0.5
M), as confirmed by XRD studies (Figure 14a). Importantly, the electrochemical
measurement of the acid treated sample showed no apparent decrease in ORR
performance (Figure 14b), suggesting that the larger Cu particle do not play an essential

role in ORR catalysis.
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Figure 11. (a) STEM image of the Cu-NC sample, with the square showing the mapping area.
EDS map of (b) nitrogen, (c) oxygen, (d) carbon, (e) copper and (f) zirconium, performed on an

aluminum-carbon grid.
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Figure 12. (a) STEM image of the Cu-NC-Air sample, with the square showing the mapping
area. EDS map of (b) nitrogen, (c) oxygen, (d) carbon, (e) copper and (f) zirconium, performed

on an aluminum-carbon grid.
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Figure 13. (a, b) TEM images showing nanoparticles dispersed throughout the Cu-NC wires.
STEM images of the Cu-NC-Air wires with EDS point quantification performed on (c)
nanoparticle and (d) NC wire (red circle indicating the point spot). (¢) EDS spectra for the
corresponding point position in (c). (f) EDS spectra corresponding to the point position in (d).

(Performed on an aluminum-carbon TEM grid)
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Figure 14. (a) XRD showing the spectra prior to and post acid treatment. (b) Polarization curve

comparing the ORR activity of the Cu-NC-Air sample before and after acid treatment. 1600 rpm,

0.1M KOH, 20 mV/s.

X-ray photoelectron spectroscopy (XPS) was performed for further insight into the active
components responsible for high activity in the Cu-doped samples. Figure 15 shows the Cu XPS
peaks for the Cu-NC, Cu-NC-Air and Cu-NC-Air/H2S04. With previous experiments confirming
that large non-active Cu particles are present in Cu-NC and Cu-NC-Air samples, our focus was
on analyzing the acid washed sample. It is evident from the XPS of the Cu-NC-Air/H2SO4
(Figure 15c) that there are only Cu(ll) peaks present, indicating that the Cu(ll) species are likely
responsible for the enhancement in ORR activity. Additionally, a recent report suggest that the
nitrogen chemical state is crucial for high ORR performance.®® Our XPS studies show all three
samples exhibit similar nitrogen features, with the largest pyridinic nitrogen peak at 398.3 eV,
smaller peaks at 399.6 eV for metal coordinated nitrogen and a peak at 400.8 eV corresponding

to the pyrrolic nitrogen (Figure 16). Based on little variation in nitrogen composition between
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the three samples, it can be concluded that the increase in the ORR activity after air treatment is

not due to the changes in nitrogen composition.
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Figure 15. Copper XPS spectra for (a) Cu-NC, (b) Cu-NC-Air and (c) Cu-NC-Air / H2SOs.
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Figure 16. Nitrogen XPS spectra for (a) Cu-NC, (b) Cu-NC-Air and (c) Cu-NC-Air / H>SOa.
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3.4 Conclusion

In conclusion, four different nitrogen doped carbon composites were synthesized from MOF
precursor and tested for ORR activity. Initially both NC and Cu-NC frameworks showed
relatively low activity, but after air treatment a considerable improvement in the ORR activity
was observed. Our studies suggest that the increase in ORR activity can be attributed to an
increase in electrochemical surface area and a highly porous structure, which leads to
accessibility of new active sites. The air treatment method described in this work can be applied
to enhance performance of carbon based materials in a multitude of applications requiring high

surface area and porosity.
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Chapter 4: Controlling the Porosity and Surface Area of Carbon Derived from Covalent

Triazine Frameworks for Applications in Electrochemistry

4.1 Introduction

A lot of effort has been dedicated in recent years to finding efficient alternatives to fossil fuels
due to their limited supply and an ever growing energy demand by an increasing population.t
Finding efficient ways to harness and store renewable energy has been at the center of these
efforts, but further technology is required to not only harness the energy from these sources but
also to store it.> The energy can be stored in a multitude of ways including in batteries,
supercapacitors and conversion into chemical energy. For all three of these energy storage
methods, the electrodes have been identified as key component for obtaining high energy storage
capability. Even though a variety of different reactions and interactions occur for each specific
device, a consistent set of requirements can be identified for all of these electrodes (1) electrodes
are required to have high electrical conductivity, (2) high surface area for mass transport and (3)
specific sized pores to accommodate the guest molecules involved in the energy storage
mechanism.?

To date, the most commonly used materials for batteries, supercapacitors and supports for
electrocatalysts has been various forms of carbon (activated carbon and graphite), due to their
high surface area and electrical conductivity.* The key property that these carbon materials are
missing is the capability to modify the pore dimension to accommodate specific ions and
molecules involved in energy storage mechanism. On the other hand, there are numerous classes
of materials which can be fabricated with the precise control over the pore dimensions, such as
Metal-Organic Frameworks and zeolites, but none of these materials contain efficient electrical

conductivity to be applied in electrochemistry and energy storage.®”’
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A promising class of materials for electrochemical applications was first reported in 2008 by
Kuhn and co-workers.® They reported the first example of a covalent triazine framework (CTF),
a framework composed of cyano containing monomers, trimerized together to form high surface
area, porous frameworks. In the initial report a multitude of various CTFs were synthesized at
400°C and characterized for porosity and structure. Depending on the precursor used, a variety of
frameworks were synthesized with the pore dimensions varying from microporous to
mesoporous, with the largest pore size of ~2.5 nm. In the following year Kuhn and co-workers
published a follow up report on this work, in which they reported modifications in the synthetic
process and their impact on the resulting CTF.® By increasing the zinc chloride ratio during the
synthetic process, the average pore size could be tuned, with a higher ratio leading to larger pores
and increased surface area. Increased temperature during the synthesis process similarly resulted
in increased surface area, larger pores and a shift in the average pore size distribution, ultimately
allowing the average pore distribution to be tuned between 2-14 nm. It is import to note here that
treatment under high temperatures results in excessive crosslinking between the CTF layers,
resulting in a 3D carbon networks (CNs), lacking initial framework crystallinity. The various
precursors and synthetic conditions reported in these works show effective control over the pore
dimensions, and unlike MOFs and zeolites, these frameworks are proposed to show electrical
conductivity due to fully conjugated structure.

The properties of the CTFs and CTF derived CNs discussed above make them very attractive
candidates for numerous applications with extensive work conducted on their use in gas storage
and conversion. Surprisingly, to date, only limited effort has been contributed to studying their
applications in energy storage. Palkovits et al. first reported the fabrication of platinum doped

CTF, which was later applied by Kamiya et al. for oxygen reduction reaction.!®* A follow up
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study reported a non-noble metal replacement for ORR using a copper doped CTF.12 Apart from
electro-catalysis, few studies have reported using CTFs in batteries and supercapacitors. Hao and
co-workers reported using a CTF as an electrode for a supercapacitor, while Talapani and et al.
recently were able to use a sulfur containing CTF for sulfur batteries.’*** All of these works
show the great promise CTFs have in energy storage applications, but there have been no
systematic studies in comparing the effects of surface area and pore dimensions to their
electrochemical activity. In this work, we synthesize 12 different carbon networks (CNs) derived
from CTFs that are fabricated using a single precursor or a mixture. The CNs are synthesized at
different temperatures and are systematically characterized for their pore dimensions, surface

area and capacitance.

4.2 Methods

Synthesis

The precursor mixture and Zinc Chloride were put in a quartz tube and sealed under vacuum in
2:1 ratio, respectively. The mixture was heated in the sealed quartz tube for 40 hours. The
resulting black powder was extracted from the quartz tube and washed with acid to remove
ZnCly, followed by a wash in THF to remove any unreacted precursor. For the samples that were
annealed, the annealing was done for an hour under argon atmosphere.

Characterization

XRD analysis was performed using Bruker D8 Discover Powder X-ray Diffractometer. Surface
area measurements based on nitrogen isotherms were conducted using a Micromeritics TriStar 11

3020.
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Electrochemical Characterization
Unless otherwise stated, the electrodes were fabricated with 80% active materials, 10%
conductive carbon (Super P) and 10% binder. The free standing electrodes were used as the
anode and the cathode and the full cell was tested using a Pine CBP Bipotentiostat.
4.3 Results and Discussion

As mentioned in the introduction, due to excessive cross-linking during the high temperature
synthesis, the resulting materials do not show crystalline ordered structures and therefore will be
referred to as CNs rather than CTFs throughout this work. To synthesize the different CNs, three
different precursors were used as seen in Figure 1. The precursor or a mixture was sealed in a
quartz tube under vacuum and heated in zinc chloride (ZnCl) in a volumetric ratio of 1:1 (ZnCl>
. precursor) for 40 hours at either 400°C or 700°C. The resulting frameworks were washed with
dilute HCI to remove any excess ZnCl,, followed by a wash in THF to remove any unreacted
precursor, and then dried under vacuum to remove all of the solvent molecules. Following the
synthesis and washing, the CNs were analyzed for surface area and pore size distribution.

Initially each precursor was reacted on its own and the resulting pore size distribution and
surface area measurements can be seen in Figure 2. It is obvious that there is an increase in
surface area and a shift to larger pores upon an increase in temperature, as previously reported.
Interestingly in the CN-DCB the shift is rather minor, with the average pore increasing about 10
(A), while the distribution itself remains relatively narrow. In the CN-BPDC, the 700°C sample
has a very broad distribution, which is very different from the initial 400°C sample, with the

average of the distribution shifting more than 100 (A).
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Figure 1. Structure of the three different precursors used to synthesize the 12 different CNs.
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Figure 2. Surface area measurements for (a) CN-BPDC and (c) CN-DCB synthesized at 400°C

and 700°C, as well as their corresponding pore size distributions (b) and (d).

All of the mixed precursor CNs were synthesized at 700°C, since it was discovered early on
that the samples synthesized at 400°C showed only limited electrical conductivity and would not
be viable candidates for energy storage applications. The pore size distributions for the CNs
synthesized at 700°C from the mixture of BPDC and DCP can be seen in Figure 3. Interestingly,
as the ratio of BPDC:DCP increases the pore size distribution broadens and shifts toward larger
pores. A similar trend is seen in the CNs synthesized from the mixture of BPDC and DCB, as the

ratio of BDPC:DCB increases, the pore size distribution broadens and shifts to larger size pores
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(Figure 4). The pore size distribution of the CNs made from DCB and DCP did not show the
same trend with all of the samples having similar pore size distributions as seen in Figure 5.
Based on the pore sizes for all of the samples presented, it is evident that BPDC with two
aromatic rings is crucial for increasing the pore sizes, likely due to the longer nature of the

molecule. Figure 6 shows the porosimeter data for all of the samples discussed.
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Figure 3. Pore size distribution of CNs from DCP, BPDC and a mixture of the two, synthesized

at 700°C. As the ratio of BPDC increases the pore sizes shift toward larger pores.

74



—a— DCB
0.18- —=— 2DCB-BPDC
—s— DCB-BPDC
= 0.164 DCB-2BPDC
D 014 —~—8PDC
g 0.12-
Q -
= 0.10
= 0.08-
[e)
> 0.06-
)
E 0.04
0.02
0.00 —r—

20 40 60 80 100 120 140 160 180
Pore Width (Angstroms)

Figure 4. Pore size distribution of CNs from DCB, BPDC and a mixture of the two, synthesized

at 700°C. As the ratio of BPDC increases the pore sizes shift toward larger pores.
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Figure 5. Pore size distribution of CNs from DCB, DCP and a mixture of the two, synthesized at

700°C. This mixture does not show the same trend as the two mixtures with BPDC present.
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Figure 6. Surface area and porosity measurements for all of the CNs synthesized at 400°C and

700°C.
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Following the pore size and surface area characterization, the samples were tested for
capacitance. Based on previous reports and data collected, the capacitance of the samples
synthesized at 400°C is very low and seems to be highly limited by poor electrical conductivity.
Figure 7 shows a comparison of two samples of CN-DCB, synthesized at 400°C and 700°C,
indicating much higher capacitance for the sample synthesized at 700°C. We propose that the
enhancement in conductivity is due to improved electrical conductivity and surface area.
Interestingly, when the electrodes are made of CN-DCB without the addition of conductive
carbon there is a significant drop in capacitance as seen in Figure 8. The lack of capacitance in
the electrodes fabricated without conductive carbon indicates that even the samples synthesized

at 700°C are lacking in electrical conductivity.

—DCB-700
—DCB-400
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) ]
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Figure 7. Charge and discharge curves showing the capacitance properties of CN-DCB

synthesized at 400°C and 700°C at 1 A/g in 6M KOH.
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Figure 8. Charge and discharge curves showing the capacitance properties of electrodes made

from CN-DCP synthesized at 700°C with and without 10% conductive carbon added. (1 A/g in

6M KOH)

To further improve the electrical conductivity we took the samples synthesized at 700°C and
annealed them at 900°C. Figure 9 shows a capacitance comparison between a sample
synthesized at 700°C and that same sample after annealing at 900°C, it is clear that the annealed
sample shows much higher capacitance. Further characterization is required to identify the
source of the enhancement in capacitance, since an improvement in surface and electrical

conductivity could be responsible for this improvement.

81



1.0 -

0.8 4
S 0.6-
;’ — DCP-900
(o] —— DCP-700
S 04
o
>

0.2 “

0.0

0 100 200 300 400
Time (s)

Figure 9. Charge and discharge curves showing the capacitance properties of CN-DCP

synthesized at 700°C and 900°C at 1 A/g in 6M KOH.
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4.4 Conclusion

In conclusion, we have been able to fabricate and characterize a series of CNs derived from
CTFs fabricated from three different precursors and mixtures of these precursors. All of the
synthesized CNs were characterized for pore size distributions, surface area measurements and
capacitance. The results show that by modifying the synthesis temperature and precursor mixture
the pore size distribution can be controlled in the range of 1-17 nm. Further work needs to be
conducted in systematic characterization of the capacitance for all of the samples synthesized.
Additionally, similar surface area, porosity and capacitance measurements need to be extended to
samples annealed at 900°C, as these samples show the highest capacitance exceeding 130 F/g at

a current density of 1A/g.
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Chapter 5: Conclusion

In conclusion, all of the works discussed in this dissertation reflect the tremendous capability
of MOFs to become preferred materials for many new applications. We report successful use of
MOFs as templates for the synthesis of metallic nanostructures, precursors for fabrication of N-
and M- doped carbons used as electrocatalysts, and finally the application of CTFs to grow
carbon networks with specific control over porosity and surface area. The same synthetic
approach used in our work to grow metallic nanowires inside of MOF-545 can be extended to
other MOFs, resulting in unlimited number of possible nanostructure sizes and shapes.

The second project discussed shows the improvement in ORR activity in nitrogen and copper
co-doped carbon derived from MOF-545 upon introduction of air impurities during the
pyrolization process. A similar approach can be used for other carbon based materials, leading to
improved performance in various electrochemical reactions, due to enhanced surface area and
access to new active sites. Just as significant, this work reinforces the idea that a single MOF
(MOF-545) can serve as an excellent material for a multitude of applications.

In the final work reported in this thesis, we show that by using CTFs as precursors to fabricate
carbon networks, the pore size distribution can be controlled. The CNs are used to fabricate
electrodes, which are tested for their electrochemical properties. The results indicate that the
samples treated at 900°C show great promise in energy storage, but further work needs to be
done to systematically compare the effects of surface area and pore size distribution to the
electrochemical performance. This work highlights the diversity of MOFs and related materials,

and reinforces the idea that many applications for these materials are yet to be discovered.
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