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ABSTRACT OF THESIS

PRECISE CONTROL OF CARBON NANOTUBE MEMBRANE STRUCTURE FOR
ENZYME MIMETIC CATALYSIS

The ability to fabricate a charge-driven water pump is a crucial step toward mimicking the
catalytic ability of natural enzyme systems. The first step towards making this water pump a
reality is the ability to make a carbon nanotube (CNT) membrane with uniform, 0.8 nm pore
diameter. Proposed in this work is a method for synthesizing these carbon nanotubes via VPI-5
zeolite templated, transition metal catalyzed pyrolysis. Using a membrane composed of these
CNTs, it is possible to get water molecules to flow single file at a high flow rate, and to orient
them in such a way that would maximize their ability to be catalyzed. Additionally, using the
ability to plate a monolayer of precious metal catalyst molecules around the exit to the
membrane, catalyst efficiency can be maximized by making every catalyst atom come into
contact with a substrate molecule. In this work, we also demonstrate the ability to plate a
monolayer of precious metal catalyst atoms onto an insulating, mesoporous, support material.
By combining these two chemical processes, it is possible to mimic the catalytic efficiency of
natural enzyme systems.

KEYWORDS: Carbon nanotube membrane, CNT Synthesis, Catalysis, VPI-5, Underpotential
deposition
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Ch. 1: Introduction

A shortage of fresh water and the relative lack of clean, renewable energy are two large scale
problems that can be improved by utilizing breakthroughs in membrane technology. Water is
the most important resource needed to sustain human civilization due to the pivotal role it plays
in agriculture and industry. While water is plentiful, covering roughly 70% of the surface of the
earth, very little of it (~3%) is the fresh water that is useable for human consumption and
agriculture, the vast majority of which is inaccessible due to being frozen in the polar ice
caps[68]. This makes the ability to desalinate salt water paramount to advancing the human
race. Reverse osmosis is currently the most widely used method to desalinate water, but it
suffers from having high energy and capital costs. This is due to the exceptionally high surface
area that is required in order to get water to move through the thick membrane layer and the
high amount of energy needed to sustain the flow needed to reduce concentration polarization.
Ideally, the membrane would have pores that are small enough to exclude salt ions, while
allowing water molecules to rapidly flow single-file through the membrane, much like the

aquaporin protein channels found in cell walls.

Due to the eventual depletion of nonrenewable energy sources, the need for clean, renewable
energy sources is one of the most important issues facing humanity. Hydrogen energy is one of
the viable candidates to replace fossil fuels as an energy source. One of the production
processes for hydrogen involves the electrolysis of water in polymer electrolyte membrane fuel
cells (PEMs). PEMs are becoming increasingly available in the commercial sector, due to their
relative simplicity compared to other production methods as well as their ability to accept a
wide variety of voltage inputs, making them ideal for use for solar photovoltaics (PV). PEMs
work by electrochemically splitting water, producing hydrogen (H;) at the cathode and oxygen

(O,) at the anode, while conducting protons through a polymer electrolyte from the anode to

1



the cathode. It is then possible to use these gases as a way to store energy for future use. The
major drawback to PEMs is the high cost of the device brought about due to the precious metal

catalyst required to split water.

The ability to get water molecules to flow single file through a membrane at a high flux rate is a
crucial step toward creating a membrane that can mimic the natural catalysis of an enzyme.
Using a CNT membrane with 8A pore diameter and adding charges along the pore in a
distribution that mimics that of biological aquaporins, a molecular water pump can theoretically
be fabricated[59]. This water pump, simulated by Fang, et al, has shown an average net flux

under a latm external pressure that is comparable to that of aquaporin-1.

Figure 1-1: Molecular dynamics simulation of a theoretical charge-driven molecular

water pump, where water molecules flow single-file through the hydrophobic core
of a carbon nanotube. Image reproduced from Fang, et al[59]

Using this ability, it is possible to lay out the charges in a manner that mimics an enzyme’s ability
to orient the water molecule in a way that is ideal for catalysis. A monolayer of catalyst atoms
can then be placed at the exit of the CNT membrane, allowing for maximum catalytic
efficiency[60]. Using these principles, it is theoretically possible to reach the catalytic efficiency

that is demonstrated by natural enzyme systems.



1.1 Water Desalination

Numerous methods have been used in the past to try to achieve maximum levels of desalination
efficiency, including distillation[57] and reverse osmosis[58]. In the past decade or so, reverse
osmosis (RO) systems have become one of the most popular, due to their relatively low energy
cost compared to the more traditional distillation system. RO is a method of water purification
that involves applying enough pressure to overcome the osmotic pressure and forcing the water
through a semipermeable membrane, leaving the solute molecules (or ions) behind. A schematic

of a typical reverse osmosis unit is shown in Figure 1-2.

Figure 1-2: Schematic d verse osmosis (RO) system,
where a pressure greater than the osmotic pressure of the fluid is
applied, forcing water through a semipermeable membrane.

An ideal water desalination membrane would exhibit maximum flux and salt rejection, while
simultaneously being mechanically robust and inexpensive. The desalination process would also

minimize the energy required to achieve these levels of efficiency.



1.1.1 Carbon Nanotube Membranes

Since they were first described in 1991 by ljima[17], carbon nanotubes (CNTs) have been heavily
studied due to their extraordinary mechanical, electrical, optical, and thermal properties.
Previous work by the Hinds’ group has shown that semipermeable membranes can be produced

using aligned carbon nanotubes as the pore structure, as shown in Figure 1-3[1].

Figure 1-3: Schematic of the carbon nanotube membrane structure, with a polymer
matrix surrounding the CNTs (left) and SEM micrograph of the cleaved edge of the CNT
membrane, scale bar 2.5 um (right). Images reproduced from Hinds, et al[1].

CNT membranes have numerous properties that make them superior to conventional
membrane materials. Due to the hydrophobic, atomically flat core of the carbon nanotubes,
CNT membranes show fluid flow up to four orders of magnitude higher than conventional
membranes[60]. Also, the tips of the CNTs can be functionalized with a variety of different
functional groups, giving rise to a large range of applications, including catalysis, water

purification, and chemical separations.

1.1.2 Optimal CNT Membrane Diameter

Previous study by Corry[2] of the energetics of water and ion transport examined a range of
differently sized carbon nanotubes for their viability for use in water desalination membranes.
This study showed, through molecular dynamics simulations that membranes comprising of

carbon nanotubes with diameters smaller than one nanometer can provide efficient means of



water desalination in a reverse osmosis system. Since the pores of these membranes are so
narrow, they provide high levels of salt rejection while still allowing water molecules to flow
single file through the cores of the carbon nanotubes, therefore keeping the high flux that is

demonstrated by carbon nanotube membranes.

By testing CNTSs of varying chiralities, It was determined through these calculations that the
optimum carbon nanotubes for these membranes are of the (6,6) armchair chirality (d~0.8nm),

as shown in Figure 1-4.

Figure 1-4: Model of CNTs made by Corry, et al, of (5,5), (6,6), (7,7), and
(8,8) chiralities from left to right, showing (A) Configuration of water in
CNT, (B) Top view of CNT showing structure of water in the pore, and (C)
Location and hydration structure of Na* ions in the CNT pore. Images
reproduced from Corry[2].

If the CNTs are any smaller than this, the membrane will be impermeable to both the salt ions as
well as the water molecules in the system, thus not being useful for a desalination unit.

Conversely, if the CNT is any larger than (6,6), the salt rejection will greatly decrease. Thus, the



ideal membrane in this case is composed of (6,6) armchair CNTs, which allow water molecules
to flow single file through the pores at a high flow rate while achieving the maximum salt

rejection.

1.1.3 Transition Metal Catalysts

Although there are multiple ways to synthesize carbon nanotubes, such as laser discharge and
electric arc discharge, the most commonly used method is via chemical vapor deposition (CVD),
due to its ability to work on a large scale at relatively low costs[75]. Metal nanoparticle catalysts
play a crucial role in the synthesis of carbon nanotubes via CVD. Although many different metal
catalysts, such as Au, Pt, Mo, and Cu have been used in the past, the most active and most

commonly used are Fe, Co, Ni, and their alloys[76].

Transition metals, such as Fe, Co, Ni, and their alloys catalyze the decomposition of the carbon
precursors, leading to supersaturated carbon precipitate and the formation of carbon
nanotubes according to the vapor-liquid-solid (VLS) theory[74]. The type of transition metal
catalyst as well as the support material can have a great effect on the chirality of the CNTs[77]
as well as their diameter. The diameter of the carbon nanotube that is formed from this
catalyzed CVD process is primarily controlled by the size of the nanoparticle catalyst, as shown
in Figure 1-5[3]. Due to the difficulty in constraining the size of nanoparticles to sub-nanometer
diameters, some kind of template support is necessary to create a stable, consistent catalyst for

this synthesis.



Carbon souroe
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M
Figure 1-5: General diagram of CNT synthesis via supported transition
metal catalyzed CVD. Image reproduced from Magrez, et al[3]

1.1.4 Zeolite Templated CNT Synthesis

Much research has gone into controlling the diameter of CNTs by growing them on zeolite
templates. The first known instance of this was by Lucas et al. in 1996[43], using Y-type zeolite
as the template with a cobalt catalyst support. Similar zeolite supported, transition metal
catalyzed synthesis has since been reported numerous times[43-52] using various zeolites as the
support. Many of these continued on with the common Y-type zeolite[47,48]. In other cases,
ZSM-5 and MCM-41[49] as well as Silicate-1[52] have also been used as the template. For the
purposes of making the diameter of nanotube needed for useful water desalination, the most
relevant zeolite template that has been used before is AIPO4-5. This zeolite has been used to

fabricate the smallest nanotube that has yet been reported, as shown in Figure 1-6[4].

Figure 1-6: (A) TEM micrograph of ~0.4 nm carbon nanotubes that
have been previously synthesized and (B) diagram of CNT’s synthesized
within pores of AIPO,-5 zeolite. Images reproduced from Tang, et al[4].
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The process involving the aluminophosphate zeolite differs from other templated CNT syntheses
by synthesizing the CNT on the inside of the zeolite pore, rather than on the outer surface of the
structure. This causes the CNT diameter to be more consistent by confining it more strictly to

the desired diameter. Using AIPO4-5 zeolite, CNTs with diameters as small as 4A have previously

been fabricated[4].

1.1.5 VPI-5 Zeolite

Since its discovery by Davis in 1988[5], Virginia Polytechnic Institute number 5 (VPI-5) molecular
sieve has studied intently. Everything from its synthesis[53] to its structural, and physiochemical
characteristics have been researched over the past decades. VPI-5 is special as it is the first
zeolite structure with pores larger than 104 in diameter. It is similar in structure to the AIPO4-5
zeolite that was used by Zhai to fabricate the smallest nanotube, but with a ring structure
containing 18 T-sites (~12A pore), rather than the more common 12 T-sites (~8A pore) as shown

in Figure 1-7.

Figure 1-7: A comparison of the framework [100] projections of
the 18 T-site VPI-5 and the 12 T-site AIPO4-5. Images reproduced
from Dauvis, et al[5]

In 1996, the synthesis procedure was optimized by Campi, et al[6], producing a procedure that

would provide maximum VPI-5 yield. We hypothesize that, using a similar technique to that of



Zhai and using VPI-5 as the zeolite template, we can fabricate single-walled carbon nanotubes of

8A diameter that would be ideal for use in a water desalination carbon nanotube membrane.

1.2 Monolayer Plating

1.2.1 PEM Water Electrolysis

Polymer electrolyte membrane (PEM) fuel cells are a developing industry in the fields of
stationary and portable energy storage. They operate on the use of electrical energy to split

water into hydrogen (H,) and oxygen (O,) gases via the following reaction:

This process has the advantages of being able to operate at low temperatures and high current
densities, giving them the ability to reduce operational costs when combined with other energy
sources, such as wind or solar[67]. PEM electrolysis allows the electrical energy produced from
sources with intermittent output to be converted to chemical energy and stored for use when

output is low (i.e. when wind isn’t blowing or when the when the sun isn’t shining).

PEM water electrolyzers operate in an electrochemical cell where two water molecules are split
at the anode into oxygen gas and four protons. While the two electrodes are electrically
insulated from one another, the protons then migrate through a solid polymer electrolyte, and
are converted into hydrogen gas at the cathode. A schematic of this process is shown in Figure

1-8.
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Figure 1-8: A schematic diagram of a general
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PEM fuel cell, showing water molecules being
split into oxygen gas and protons at the anode
and proton migration to the cathode.

As this reaction is not thermodynamically favorable, precious metal catalysts are necessary to

minimize the amount of energy required to make it work.

1.2.2 Precious Metal Catalysts

Precious metals, such as platinum, palladium, and iridium are commonly used as catalysts for a
number of different reactions. The most common of which is in automobile catalytic converters,

which catalyze the oxidation of carbon monoxide (CO) and unburned hydrocarbons (CxHy) into

carbon dioxide and water, as well as the reduction of NOx, shown below.




The high cost of catalytic converters, beyond being an economic issue, also causes the issue of

theft due to the high price of platinum that can be obtained from

They are also used to catalyze the electrooxidation of methanol in direct methanol fuel cells[70],
the hydrogenation of unsaturated hydrocarbons[71], and the decomposition of hydrogen

peroxide[72].

Multiple different metals, such as platinum and palladium[38] as well various alloys[61] have
been used to catalyze the hydrogen evolution reaction (HER) of water electrolysis in the past. At
the other end of the reaction, where the oxygen evolution reaction (OER) takes place,
iridium[62] and ruthenium as well as oxides of the two[64, 63] are commonly used as the
catalyst. Precious metals are commonly needed due to their high catalytic activity for their
respective reactions as well as their high corrosion resistance in acidic media[38]. Currently, the
state-of-the-art technology for minimizing the cost of these devices is through the use of
precious metal nanoparticles supported on a highly porous substrate, such as mesoporous
carbon[19]. While this currently provides the most efficient catalyst to date, the use of
nanoparticles still leaves only about 30% of the catalyst atoms on the surface of the particle
where it is available for catalysis. An ideal case for catalytic efficiency would be a monolayer of

the precious metal supported on a high surface area, inexpensive substrate.

1.2.3 Underpotential Deposition

The process of underpotential deposition (UPD) happens when metal atoms are more attracted
to a foreign substrate than to atoms of their own kind. This process is commonly used to deposit

a monolayer or submonolayer of metal atoms (such as Cu or Ag) at a potential that is more
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positive than the Nernst potential for bulk deposition[42]. This process has been demonstrated
to work on a variety of conductive surfaces such as Au(111)[40] and nanoporous gold

(npAu)[41]. A general schematic of the process is shown in Figure 1-9.

Figure 1-9: General schematic of copper monolayer underpotential deposition followed by
redox replacement of platinum to produce a monolayer of platinum on surface of the
substrate, reproduced from Wang, et al[18].

It has also been shown to work on nonmetal substrates such as conductive polymers[36] and
carbon nanotube membranes[4].This process has also shown the ability to plate a monolayer of
precious metal onto the substrate by monotonically replacing the copper atoms. During this
process, the Cu monolayer is oxidized by more noble cations (i.e. Pt*, Pd**, Ir**)[66]. The overall
process follows the redox reactions, wherein copper ions are first reduced to copper metal
monolayer, and then is oxidized by platinum ions to produce a platinum metal monolayer and

copper ions.

Previous work has only demonstrated this process to work on conductive substrates. We
hypothesize that this technique can be used to plate a monolayer of catalyst atoms on the
surface of a nonconductive material by first coating the substrate with a thin, gold film, thus

lowering the cost of the catalyst by minimizing the amount of precious metal used.
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1.3 Challenges

The key challenge to the project is the ability to synthesize single walled carbon nanotubes of
consistent diameter. Previous research (as well as this work) shows encouraging signs that CNTs
can be formed by pyrolyzing 1-pyrenebutyric acid that has been adsorbed into the pores of VPI-
5 zeolite based on Raman results, but low CNT yield and high quantities of amorphous carbon

formed during the process make confirming these results with TEM a daunting task.

The synthesis of CNTs by this method faces two large challenges. The primary challenge of this
procedure is getting the carbon source and catalyst loaded into the pores of the zeolite. During
the process described by Zhai[4], the organic template used in the zeolite synthesis becomes
trapped within the pores during synthesis. This means that the process can be carried out simply
by pyrolyzing the zeolite after synthesis. Since the organic template does not stay in the pores
during the synthesis of VPI-5, the carbon precursor must be loaded into the pore after the fact.
This gives rise to the second major challenge involved in this synthesis. Since the pores of VPI-5
show hydrophilic behavior, the carbon precursor must also have a hydrophilic group such as a
hydroxyl or a carboxylic acid group attached to it in order to get adsorbed into the pores. This
creates an additional issue, since VPI-5 decomposes at high temperatures in the presence of
water[6]. If there is too much oxygen in the carbon precursor, the pyrolysis will produce water
at high temperatures, thus destroying the zeolite template. A thermodynamic study was used to
determine the optimal carbon precursor for this process, using the criteria that it must produce

graphitic carbon in high quantities and minimize the amount of water produced in the reaction.
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1.4 Summary of Key Goals

The ability to fabricate a charge-driven water pump, where molecules flow single file through
the pores of a carbon nanotube (CNT) membrane is a crucial step toward mimicking the catalytic

behavior of natural enzymes.

The first key component to fabricating such a device is the ability to synthesize CNTs with a

uniform diameter of 0.8 nm. In this work, it is proposed that this goal can be accomplished by
pyrolyzing a carbon precursor within the pores of VPI-5 zeolite. Once this is accomplished, the
synthesized CNTs can be fabricated into a membrane. This will provide an ideal membrane for

water desalination via reverse osmosis.

The second key component to mimicking the catalytic behavior of natural enzyme systems is the
ability to place catalyst atoms on the pore exits of the membrane. It is proposed through this
work that this can be accomplished using the underpotential deposition and redox replacement
method to plate a monolayer of platinum atoms on the surface of the membrane. Since water
molecules in this membrane will flow single-file through the CNT pores, each molecule will flow
through the membrane at a high rate and come into contact with the catalyst at the exit,

providing catalytic efficiency that approaches that of natural enzymes.
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Chapter 2: Zeolite Templated Synthesis of Carbon Nanotubes for
Precise Diameter Control

2.1 Introduction

Since they were first described in 1991[17], carbon nanotubes (CNTs) have been extensively
researched due to their exceptional mechanical, thermal, and electrical properties. Carbon
nanotubes can also be aligned in such a way as to create a semipermeable membrane. These
membranes composed of aligned CNTs exhibit fluid flow that is 4-5 orders of magnitude faster
than conventional flow models predict. This high flow is due to the atomically flat, hydrophobic
core of the carbon nanotubes[1]. Molecular dynamics simulations by Corry et al[2] show that
(6,6) armchair CNTs make the optimal pores for water desalination in a CNT membrane by
preventing salt ions from entering the membrane while allowing water molecules to flow single-

file through the CNT core.

Prior research has demonstrated the ability to synthesize ultrafine carbon nanotubes within
highly porous, rigid substrates (such as anodic alumina) via template carbonization[15]. This
process involves exposing the template film to a carbon source at a high temperature in the
absence of oxygen. This pyrolysis technique has also been reported on various mesoporous
materials such as MCM-41. This technique has been used using many different carbon sources,

such as sugars and other organics[16].

Previous research by Zhai et al, has demonstrated the ability to synthesize single-walled carbon
nanotubes of 4A diameter by pyrolyzing tripropylamine (TPA) within the pores of AIPO,-5
zeolite[4]. This is a relatively easy procedure, as the TPA is the compound used to template the

zeolite and is trapped within the pores during the synthesis. To date, these are the smallest
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diameter SWNCT that have been synthesized. This method is able to consistently produce 4A

SWCNTSs due to the crystalline structure and precisely controlled pore sizes of the zeolite.

Virginia Polytechnic Institute number 5 (VPI-5) molecular sieve is an aluminophosphate zeolite
that is similar in structure and composition to AIPO,-5 zeolite used by Zhai, but due to its 12-ring
structure[5] has a uniform 1.2nm pore size. This larger pore size should allow the ability to serve
as a suitable template for larger diameter SWCNT synthesis using a similar method as described
by Tang. The challenge faced by VPI-5 is the fact that the synthesis of the zeolite does not trap
the templating agent within the pores, so the carbon precursor for the synthesis must be loaded

into the pores during a separate step.

Using the concepts outlined by Tang and Kyotani, et al. it has been hypothesized that 0.8nm
diameter SWCNTSs can be synthesized by adsorbing a carbon precursor into VPI-5 zeolite along
with a transition metal catalyst. This loading procedure is then followed by pyrolysis of the
sample within the template to produce nanotubes. These nanotubes can then be fabricated into

an ideal CNT membrane for water desalination.

2.2 Methods

2.2.1 VPI-5 Synthesis

Since VPI-5 zeolite is not commercially available, it was synthesized using the procedure
described by Anderson, et al[6]. Prior to synthesis, all equipment is cleaned with sodium
hydroxide solution. Alumina slurry was made by adding 30 g Catapal B alumina (Boehmite) to
47.1 g deionized water and stirred for 10 minutes. 47.25 g of 81% phosphoric acid, diluted in
30.11 g H,0 was added to the slurry at 3.5 cm®/min. The rate at which the acid is added to the
slurry is crucial to the synthesis procedure. If added too fast, the resulting hydrogel becomes

very viscous and results in many impurities during crystallization. If added to slowly, the slurry
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will not gel properly and will not form zeolite during crystallization. The mixture was then stirred
using a propeller mixer for 5 minutes, followed by 2 hours of aging for the gel. After the aging
process, 21.45 g of dipropylamine (DPA) was added to the gel at 3.5 cm?/min (again, rate of
addition is crucial), followed by a second, two-hour aging. The hydrogel was then transferred to
a Teflon-lined, stainless steel autoclave (Parr) and placed in an oven to raise the hydrogel to the
crystallization temperature of 130°C. After reaching the crystallization temperature, the
autoclave and hydrogel were held at this temperature without stirring for 13 hours. After the
crystallization process, the autoclave was quenched in water down to room temperature. The
resulting mixture was then transferred to a beaker and the VPI-5 crystals were allowed to settle.
The supernatant fluid was then removed from the crystals by decantation and the resulting
powder was washed five times with DI water by agitation, followed by settling and decantation.
Finally, the crystals were recovered by vacuum filtration and dried at room temperature in air

overnight.

2.2.2 Catalyst

Multiple approaches were taken to getting the activated transition metal nanoparticle catalyst
into the pores of the zeolite. Variations on the procedure include the transition metal that was
used as the catalyst, the location of the metal nanoparticle relative to the carbon precursor, and

the oxidation state of the catalyst.

Cobalt and iron were both used as catalysts for the synthesis of carbon nanotubes. Cobalt
absorption into the pores of the VPI-5 was accomplished by soaking the crystals in a solution of
cobalt chloride hexahydrate (CoCl,-6H,0) for two hours. VPI-5 zeolite with Fe*" within the pores
was synthesized via the procedure laid out by Prasad[9]. The same procedure was used to

synthesize FeVPI-5 was the same as the procedure for synthesis of VPI-5 with FeCl; solution
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added to the hydrogel mixture after the addition of the DPA and before the second aging

period.

The location of the cobalt catalyst with respect to the carbon precursor was also varied in an

attempt to improve the process. The first process involved adsorbing the cobalt into the zeolite
and reducing it to Co nanoparticles prior to infiltrating the pores with the carbon precursor. The
other method involved adsorbing the carbon precursor before the catalyst material, providing a

type of “cap” on either end of the zeolite pore.

2.2.3 Carbon Precursor Determination

Two different compounds were considered as viable carbon sources for the synthesis of carbon
nanotubes; fructose and 1-pyrenebutyric acid (PyBA). These carbon precursors were chosen
based on two general criteria; that they must be hydrophilic in order to be adsorbed into the
hydrophilic pores of the VPI-5 and that they must contain enough carbon atoms in their
structure to be able to provide a significant amount of graphitic carbon when pyrolyzed. Based
on these two criteria and general observations of the two compounds, either one could be

regarded as a potential carbon source for this process.

Early synthesis attempts using fructose as the carbon source yielded poor results, and a
thermodynamic study was undertaken to explain these results. This analysis was then repeated
for PyBA in order to compare graphitic carbon production. It should be noted at this point that
CNT growth uses a transition metal catalyst to form intermediate metal-carbides. However,
these catalysts cannot perform thermodynamically unfavorable reactions and product analysis is

critical. The ideally catalyzed reaction would proceed with the general form:

y—2Z
4

CH,0, -0+ CHa + zH,0

And the two precursor compounds are shown below.
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Upon searching the literature, the most common organic products of fructose were determined
and the relevant thermodynamic quantities were found using the Standard Thermodynamic
Properties of Chemical Substances table from the department of chemistry at the University of
Indiana[12]. The results of this search are found in Table 2-1. Both sources listed other organics
as products of the decomposition, but listing every conceivable product was not necessary to

determine the proper carbon precursor.

Table 2-1: Most prominent organic products of fructose pyrolysis, along with
relevant thermodynamic properties. Properties were found in the “Standard
Thermodynamic Properties of Chemical Substances” table from the University of
Indiana department of chemistry™®.

Compound AHf (kJ/mol) S° (kJ/mol*K) Reference
Benzene 49.0 0.1733 Higman et al™
Toluene 12.0 0.2210 Higman et al™!

Phenol -165.0 0.1440 Higman et al™®!
Ethylbenzene -12.5 0.2550 Higman et al™!
Styrene 103.4 0.2380 Higman et alt™?!
Indene 110.6 0.2153 Higman et al™
Acetaldehyde -166.2 0.2638 Fagerson et al™
Acetone -217.1 0.2953 Fagerson et al™
Ethanol -234.8 0.2816 Fagerson et al™¥
Acetic Acid -432.2 0.2835 Fagerson et al™¥
Furan -34.8 0.2672 Fagerson et al™

In order to quantify the graphitic carbon formed during the decomposition of fructose, it is

necessary to determine the Gibb’s free energy of each decomposition product forming. A
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hypothetical reaction was devised for each product to determine the stoichiometry and
additional products (e.g. H,0, CO,, and CO) that would be necessary for a full thermodynamic
analysis. These reaction products are summarized in Table 2-2. It is worth noting at this point
that for fructose, out of twelve decomposition reactions, only five have the stoichiometric ability
to produce graphitic carbon.

Table 2-2: Balanced chemical reactions for the twelve main products of fructose decomposition.
Note that only toluene, ethylbenzene, styrene, indene, and graphite reactions produce graphitic

carbon.
Balanced Reactions (Oxygen Compounds) Balanced Reactions (Non-Oxygen Compounds)
Acetaldehyde Reaction Benzene Reaction
2 CgH1,06 - 6 C,H,0 30, 2 CgH1,0¢ - 2 CgHe 6 H,0
Acetone Reaction Toluene Reaction
CsH1,06 - 2 C3HgO 20, 2 CgH1,06 - C,Hg 6 H,0 5Cy 2 H,
Ethanol Reaction Ethylbenzene Reaction
CeH1,06 S 2CHO 2CO, 2 CgH1,06 -> CgHg 6H,0 4Cy H,
Acetic Acid Styrene Reaction
CsH1,06 - 2 C,H,0, 2CO H, H,0 2 CgH1,0¢ - CgHg 6 H,0 4Cy 2 H,
Furan Reaction Indene Reaction
CeH1,06 - C4H,0 3H,0 2CO, H, 2 CgH1,0¢ - CyHg 6 H,0 3Cy 2 H,
Phenol Reaction Graphite Reaction
CeH1,06 - C¢HeO 3 H,0 0, CeH1,06 - 6 Cs 6 H,0

After the stoichiometry of these reactions was determined, the Gibb’s free energy of each

reaction (AG,) was calculated and plotted against temperature, using the following equations:

AGs = AH— TAS;
AG, = 2AG products - 2AG reactants
Where AHs is the standard enthalpy of formation, AS; is the standard molar entropy of the
compound and T is temperature. AH; and AS; for most of the compounds were found in the
literature and are summarized in Table 2-1. AS; for fructose could not be found in the literature,

so it was assumed to be the same as that of glucose (since the difference between the two
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compounds is minimal). The calculated Gibb’s free energies were then used to determine if the

formation of each product was thermodynamically favorable (and at what temperature).

1-pyrenebutyric acid was analyzed in a similar manner to fructose in order to compare their
viabilities as carbon precursor options. Two assumptions were made for the PyBA model. First, it
was assumed that the primary volatile organic products would be the same for PyBA as for
fructose. Again, it is to be noted that analyzing every conceivable product is unnecessary. The
second assumption is based on the fact that no literature values could be found for the AH; and
AS; of PyBA. This was calculated by assuming that the AG, was similar for the synthesis of PyBA
from pyrene and butyric acid and the synthesis of 1-phenylbutyric acid from benene and butyric

acid. The reactions are shown in Figure 2-1.
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Figure 2-1: Two reactions that were assumed similar in order to determine
thermodynamic properties of 1-pyrenebutyric acid.

The product summary for PyBA is shown in Table 2-3. Again, it is important to note that, due to
the fact that PyBA contains 20 carbon atoms in the structure, none of the decomposition

reactions can be balanced without forming graphitic carbon.
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Table 2-3: Balanced chemical reactions for the twelve main products of 1-Pyrenebutyric acid
decomposition. Note that, contrary to fructose decomposition, all twelve products produce

graphitic carbon.

Balanced Reactions (Oxygen Compounds)

Balanced Reactions (Non-Oxygen Compounds)

Acetaldehyde Reaction Benzene
Cy0H160, - 2 C,H,0 2CH, 14C CyoH160, - 2 CgHe CH, CO, 6C
Acetone Reaction Toluene
C,oH1602 > 2 C3HsO CH, 13C CaoH160, > 2CsHg co, 5C
Ethanol Reaction Ethylbenzene
CaoH160; > 2 C,HsO CH, 15C CaoH160, > CgH1o 2H,0 H, 12¢C
Acetic Acid Styrene
CaoH160; > C,H,0, 3CH, 15C CaoH160, > 2CgHg o, 4c
Furan Reaction Indene
Cy0H160> - 2 C4H,0, 2CH, 10C Cy0H160; - 2 CgHg co, C
Phenol Reaction Graphite
Cy0H160, - 2 C¢HsO CH, 7C Cy0H160, - 17C 2 H,0 3 CH,

The Gibb's free energies of these reactions were then plotted against temperature for both

potential carbon precursors.

2.2.4 Carbon Precursor Adsorption

As described by the thermodynamic study, 1-pyrenebutyric acid (PyBA) was determined to be

the carbon source that most adequately meets the necessary criteria that is required to

synthesize carbon nanotubes via this process. Three different methods of absorption were

attempted to get the PyBA into the pores of the zeolite and the best method was determined by

percent graphitic carbon residue obtained from thermogravimetric analysis (TGA).

2.2.4.1 Solution-based Adsorption

Prior to being adsorbed with carbon precursor, VPI-5 crystals were dried in a vacuum oven

overnight. 50mg of VPI-5 was then immersed in a 10mM solution of 1-pyrenebutyric acid in

acetone. The sample was then stirred in this solution for three hours. Crystals were then

collected via vacuum filtration and dried in the vacuum oven overnight.
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2.2.4.2 Sublimation Infiltration (Mechanically Mixed)

50mg of VPI-5 crystals were first mechanically mixed with 10mg of PyBA by grinding together
with a mortar and pestle. The mixture was then transferred to an alumina boat and placed
inside a tube furnace. Vacuum was pulled inside the furnace and the temperature was raised
from room temperature to 100°C at a rate of ~¥2°C/min. Sample was held at 100°C for 1 hour to
purge out any water that may be trapped within the pores of the zeolite. Since PyBA sublimes at
150°C at low pressures, furnace was then ramped to 150°C at ~2°C/min and held at this
temperature while maintaining vacuum for 4 hours. The mixture was then cooled to room

temperature, washed with acetone, and dried overnight.

2.2.4.3 Sublimation Infiltration (With Porous AAO Barrier)

10mg PyBA was placed at the bottom of an alumina boat. A piece of porous alumina (AAO)
membrane was placed on top of the PyBA powder, and 50mg VPI-5 crystals was placed on top of
the AAO membrane. Boat was then placed inside the tube furnace and vacuum was pulled on
the sample. Temperature of the furnace was then raised to from room temperature to 100°C at
a rate of 2°C/min and held at this temperature for 1 hour to remove any water from the zeolite.
Temperature was then raised to 150°C at a rate of 2°C/min and held at this temperature under
vacuum for 4 hours before being cooled back down to room temperature. VPI-5 was then

removed from top of the AAO barrier.

2.2.5 Pyrolysis

A general overview of the pyrolysis procedure goes as such. A sample of VPI-5 loaded with
catalyst nanoparticles and carbon precursor was put in an alumina boat that was subsequently
placed in a tube furnace. The furnace was then attached to a double bubbler and purged with

argon five times by alternately pulling vacuum and flowing argon gas in the furnace. The
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temperature was then raised to 100°C and held at this temperature for 1 hour to purge out any
water that may be trapped within the pores of the zeolite. After the water purge step, the
temperature of the furnace was raised to the pyrolysis temperature at a rate of 10°C/min and
held at that temperature for 1 hour before being cooled back down to room temperature. The
appropriate temperature for pyrolysis was determined by treating the zeolite that was not
loaded with cobalt or carbon precursor to various temperatures between 600 and 1000°C. XRD
was then taken of the zeolite after this annealing to determine if the VPI-5 retained the pore

structure necessary for carbon nanotube synthesis.

2.2.6 Post Pyrolysis Treatment

After pyrolysis, the zeolite structure was dissolved away by immersing in the sample in 10%

hydrochloric acid (HCI) and stirring for 1 hour.

As will be discussed in the results and discussion section, Raman spectroscopy indicated that
carbon nanotubes ~0.8nm in diameter were present in multiple samples. Due to large amounts
of amorphous carbon that was also present in the samples, transmission electron microscopy
(TEM) was not able to confirm the presence of these CNTs via direct imaging. Several different
post-pyrolysis treatments were applied to the samples in order to improve the chances of seeing

CNTs using TEM.

Based on the principle that hydrogen peroxide (H,0,) oxidizes amorphous carbon at a higher
rate than carbon nanotubes and will not damage the zeolite structure[10], it was proposed that
the concentration of CNTs relative to amorphous carbon could be improved by treating the
pyrolyzed carbon product with H,0, prior to dissolving the zeolite in HCl to remove any carbon
product that was formed on the outside of the zeolite and leave the CNTs that were formed

within the pores intact.
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Another tactic for making CNTs more visible using TEM was to add Triton surfactant to the liquid

mixture during ultrasonication.

2.2.7 Characterization
2.2.7.1 X-Ray Diffraction (XRD)

A Siemens D500 Powder X-ray diffractometer (XRD), operating with Cu Ka radiation (A\=1.5408A)
was used to characterize the synthesized VPI-5. A 26 scan from 4° to 40° at a rate of 1.0° per

minute was used.

2.2.7.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy was used to image the VPI-5 crystals and was carried out on an S-

4300 Hitachi microscope. All zeolite samples were sputter coated with gold prior to analysis.

2.2.7.3 Micro-Raman Spectroscopy

Raman spectroscopy was used to characterize carbon nanotubes. Analysis was carried out using
a dispersive Micro-Raman spectrometer from Thermo Scientific using 780nm laser excitation.
Also used was a Renishaw inVia Raman Microscope with a red laser (633 nm) and a 150 W

maximum power.

2.2.7.4 Thermogravimetric Analysis (TGA)

TGA was used to determine graphitic carbon content of the zeolite after various absorption
processes. TGA was run on a NETZSCH STA449C thermal instrument. The sample was heated
from room temperature to 1000°C at a rate of 10°C/min under flowing nitrogen (20 cm*/min),
followed by a carbon burn at 1000°C with flowing air for 30 minutes. The graphitic carbon

content was determined by the weight loss associated with this final carbon burn.

2.3 Results and Discussion
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2.3.1 Synthesis of VPI-5

Following the optimized procedure by Anderson, et al[5], VPI-5 was synthesized and
characterized by x-ray diffraction (XRD) and scanning electron microscopy (SEM). Major
diffraction peak for [100], representing the largest d-spacing in the structure, verifies that the
pore structure we need for our synthesis is present, as shown in Figure 2-2. Subsequent XRD
after various annealing temperatures confirm that zeolite retains its pore structure at pyrolysis
temperature, provided the sample was thoroughly dried prior to being raised to this

temperature.

VPI-5 XRD
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SEM was also used to characterize VPI-5 by directly imaging the crystal to determine structure
and estimate their length. As seen in Figure 2-3, the long, needle-like crystal structure that is

characteristic of VPI-5 is clearly present.

26



2.3.2 Thermodynamic Study of Carbon Precursors

2.3.2.1 Fructose

After all potential decomposition reactions were balanced, the Gibbs’ free energy of formation
was calculated for all products, including numerous small molecules, such as carbon dioxide,
water, and methane, using the equations listed previously along with literature values for
enthalpy of formations and standard molar entropy. Since the CNT synthesis reaction involves
temperatures up to about 1250 K, the temperature was varied from room temperature to 1250
K. the free energies of the oxygen-containing and non-oxygen —containing products are shown

in Tables 2-4 and 2-5 respectively.
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Table 2-4: Calculated Gibbs’ free energies of formation for all oxygen containing products of fructose

decomposistion.

Acetic Carbon Carbon
Acetaldehyde Acetone Ethanol Acid Furan Fructose Dioxide | Water | Oxygen | Phenol | Monoxide

T (K) AGF AGF AGF AGF AGF AGF AGF AGf AGf AGF AGF
300 -245.34 -305.69 -319.28 | -512.36 | -114.96 | -1333.7600 -457.4 -298.2 -61.5 -208.2 -169.6
350 -258.53 -320.455 -333.36 | -525.72 | -128.32 -1344.2200 -468.05 -307.6 -71.75 -215.4 -179.45
400 -271.72 -335.22 -347.44 | -539.08 | -141.68 | -1354.6800 -478.7 -317 -82 -222.6 -189.3
450 -284.91 -349.985 | -361.52 | -552.44 | -155.04 | -1365.1400 | -489.35 | -326.4 -92.25 | -229.8 -199.15
500 -298.1 -364.75 -375.6 -565.8 -168.4 -1375.6000 -500 -335.8 -102.5 -237 -209
550 -311.29 -379.515 | -389.68 | -579.16 | -181.76 | -1386.0600 | -510.65 | -345.2 | -112.75 | -244.2 -218.85
600 -324.48 -394.28 -403.76 | -592.52 | -195.12 -1396.5200 -521.3 -354.6 -123 -251.4 -228.7
650 -337.67 -409.045 | -417.84 | -605.88 | -208.48 | -1406.9800 | -531.95 -364 -133.25 | -258.6 -238.55
700 -350.86 -423.81 -431.92 | -619.24 | -221.84 -1417.4400 -542.6 -373.4 -143.5 -265.8 -248.4
750 -364.05 -438.575 -446 -632.6 -235.2 -1427.9000 | -553.25 | -382.8 | -153.75 -273 -258.25
800 -377.24 -453.34 -460.08 | -645.96 | -248.56 | -1438.3600 -563.9 -392.2 -164 -280.2 -268.1
850 -390.43 -468.105 | -474.16 | -659.32 | -261.92 | -1448.8200 | -574.55 | -401.6 | -174.25 | -287.4 -277.95
900 -403.62 -482.87 -488.24 | -672.68 | -275.28 | -1459.2800 -585.2 -411 -184.5 | -294.6 -287.8
950 -416.81 -497.635 -502.32 | -686.04 | -288.64 -1469.7400 -595.85 -420.4 -194.75 | -301.8 -297.65
1000 -430 -512.4 -516.4 -699.4 -302 -1480.2000 -606.5 -429.8 -205 -309 -307.5
1050 -443.19 -527.165 -530.48 | -712.76 | -315.36 -1490.6600 -617.15 -439.2 -215.25 | -316.2 -317.35
1100 -456.38 -541.93 -544.56 | -726.12 | -328.72 | -1501.1200 -627.8 -448.6 -225.5 | -323.4 -327.2
1150 -469.57 -556.695 | -558.64 | -739.48 | -342.08 | -1511.5800 | -638.45 -458 -235.75 | -330.6 -337.05
1200 -482.76 -571.46 -572.72 | -752.84 | -355.44 -1522.0400 -649.1 -467.4 -246 -337.8 -346.9
1250 -495.95 -586.225 -586.8 -766.2 -368.8 -1532.5000 | -659.75 | -476.8 | -256.25 -345 -356.75
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Table 2-5: Calculated Gibbs’ free energies of formation for all non-oxygen-containing
products of fructose decomposition.

Benzene Toluene Ethylbenzene Styrene Indene Graphite Hydrogen Methane
T (K) AGF AGF AGF AGF AGF AGF AGF AGF
300 -4.19 -54.3 -64 32 46.01 -1.71 -39 -130.49
350 -13.055 -65.35 -76.75 20.1 35.245 -1.995 -45.5 -139.805
400 -21.92 -76.4 -89.5 8.2 24.48 -2.28 -52 -149.12
450 -30.785 -87.45 -102.25 -3.7 13.715 -2.565 -58.5 -158.435
500 -39.65 -98.5 -115 -15.6 2.95 -2.85 -65 -167.75
550 -48.515 -109.55 -127.75 -27.5 -7.815 -3.135 -71.5 -177.065
600 -57.38 -120.6 -140.5 -39.4 -18.58 -3.42 -78 -186.38
650 -66.245 -131.65 -153.25 -51.3 -29.345 -3.705 -84.5 -195.695
700 -75.11 -142.7 -166 -63.2 -40.11 -3.99 -91 -205.01
750 -83.975 -153.75 -178.75 -75.1 -50.875 -4.275 -97.5 -214.325
800 -92.84 -164.8 -191.5 -87 -61.64 -4.56 -104 -223.64
850 -101.705 -175.85 -204.25 -98.9 -72.405 -4.845 -110.5 -232.955
900 -110.57 -186.9 -217 -110.8 -83.17 -5.13 -117 -242.27
950 -119.435 -197.95 -229.75 -122.7 -93.935 -5.415 -123.5 -251.585
1000 -128.3 -209 -242.5 -134.6 -104.7 -5.7 -130 -260.9
1050 -137.165 -220.05 -255.25 -146.5 -115.465 -5.985 -136.5 -270.215
1100 -146.03 -231.1 -268 -158.4 -126.23 -6.27 -143 -279.53
1150 -154.895 -242.15 -280.75 -170.3 -136.995 -6.555 -149.5 -288.845
1200 -163.76 -253.2 -293.5 -182.2 -147.76 -6.84 -156 -298.16
1250 -172.625 -264.25 -306.25 -194.1 -158.525 -7.125 -162.5 -307.475

These Free energies were then used to calculate the Gibbs’ free energy of each decomposition
reaction at the various temperatures using the above AG, equation (with AG; of products and
reactant adjusted for stoichiometry). The calculated AG, were then plotted for fructose as

shown in Figure 2-4.
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Figure 2-4: Gibbs’ free energy of reaction for the twelve fructose decomposition
reactions. Note that negative AGr does not necessarily require that reaction
proceeds at room temperature. Analysis does not take kinetic limitations into
account. Dashed lines are the reactions of interest that produce graphitic
carbon and aromatics that can polymerize. Graphite reaction is ideal for
producing CNTs.

The five reactions that produce graphitic carbon are shown by the dashed lines in the figure. Of
those five reactions, only one is thermodynamically favorable at the temperatures being used
for CNT synthesis, which explains the low carbon yield that was produced when fructose is
pyrolyzed. Based on this analysis, there are two primary factors that negatively affect the carbon
yield of this process. The first is the highly negative AG; of fructose (<-1300kJ/mol) at room
temperature prevents most of the carbon producing reactions from being favorable within the
required temperature range. The second is the numerous oxygen atoms present in the fructose
molecule. This high oxygen/carbon ratio means that more of the carbon will be released in the
form of volatile organics and carbon dioxide, rather than being left behind as graphitic carbon

residue. This fits well with experimental observation of negligible residual mass after annealing.
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Using this information, we were able to add two new criteria to the precursor selection process.
The ideal precursor must have a AGs that is significantly less negative than fructose, allowing it
to more readily decompose within the necessary temperature range. It also most have a high

carbon/oxygen ratio in order to minimize the amount of carbon lost to organics and CO,.

2.3.2.2 1-Pyrenebutyric Acid

Based on our newly added criteria, 1-pyrenebutyric acid (PyBA) appears to be a much more
viable candidate as a carbon precursor than fructose. The alkyloic acid group attached the the
pyrene means that it will still be hydrophilic and thus, can still be adsorbed into the pores of the
zeolite. Add to that the fact that PyBA has an approximate AG; that is significantly less negative
(~-275 kJ/mol) at room temperature than fructose and has a much higher ratio of carbon atoms

to oxygen atoms in the structure (20:2).

Again, the AG, for the formation of each compound was plotted against temperature from 300-

1250 K. The results of which are shown in Figure 2-5.
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Figure 2-5: Gibbs’ free energy of reaction for the twelve PyBA decomposition
reactions. Note that negative AGr does not necessarily require that reaction
proceeds at room temperature. Analysis does not take kinetic limitations into
account. Due to high carbon content of PyBA, all reactions form graphitic carbon
in some quantity and all reactions are thermodynamically favorable due to the
low —AHf of PyBA.

It is immediately noticeable that all reactions are thermodynamically (albeit not necessarily
kinetically) favorable over the entirety of the required temperature range. Add to that the fact
that all of the reactions involved produce graphitic carbon and one would expect a significantly
higher amount of graphitic carbon residue in the product and thus, would work better as a

carbon precursor than fructose.

2.3.3 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was used to determine the best method of absorption for the

carbon precursors by determining how much graphitic carbon could be produced from each
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absorption method. Each method showed three consistent stages, regardless of the absorption

method, catalyst, and carbon precursor employed.

The first stage was the small weight loss around 100°C. This loss was due to the evaporation of
residual water that was adsorbed into the VPI-5 pores. This result showed that it was necessary

to add the water-purge stage to the beginning of the pyrolysis procedure.

The second distinct stage of the TGA experiment was the stage that involved the largest mass
drop of the overall procedure and occurred between 250-600°C. This distinct region of the plot
was due to the formation (and subsequent evaporation) of the various volatile organic
compounds formed from the pyrolysis of the carbon precursor (As detailed in the

thermodynamic analysis section).

The final stage of the experiment involved minimal weight loss after all of the volatile organics
evaporated, from 600-1000°C, followed by a sudden weight loss at 1000°C after the introduction
of air into the system. This section of the plot is the most important, as it determines (A) The
lower limit of pyrolysis temperature, (B) The total percentage of carbon precursor that was
adsorbed into the sample, and (C) The weight percent of graphitic carbon that could be

extracted from the conditions tested.

2.3.4 Carbon Precursor Adsorption

PyBA was infiltrated into the VPI-5 using vacuum sublimation infiltration, using an AAO
membrane as a barrier between unevaporated PyBA and VPI-5. Thermogravimetric analysis
(TGA) was used to quantify graphitic carbon that could be created using this precursor and
method of infiltration. The specimen was raised to pyrolysis temperatures under an inert N2
atmosphere at 10C/min. When pyrolysis temperature was reached, air was allowed into the

system to burn away remaining carbon. The drop in mass percent was used to quantify the
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percentage of amorphous carbon that was adsorbed in the zeolite. The mass drop was found to
be about 3% before the cobalt was added and about 1% after the cobalt was added. Though, the
cobalt drop is misleading, as it was affected by the mass increase due to the oxidation of the

cobalt nanoparticles.

2.3.5 Determination of Optimal Pyrolysis Temperature

Since VPI-5 is not stable at high temperatures[5], it was necessary to determine the highest
temperature at which the pyrolysis process could be carried out. To do this, the zeolite was
annealed in an inert, argon atmosphere to various temperatures between 600-1000°C, with a
hold at 100°C to purge any water prior to ramping to annealing temperature. X-ray diffraction
patterns were then taken for each sample to determine if they retained the characteristic (100)
diffraction peak, showing that they still had the 1.2nm pore that is required for synthesis of

0.8nm carbon nanotubes.

The XRD data collected shows that the (100) diffraction peak is completely removed when the
temperature of the zeolite is raised above 700°C, even when all water is purged from the pores

and no carbon precursor is adsorbed into the sample.
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Figure 2-6: X-ray powder diffraction patterns of VPI-5 annealed at various temperatures.

Experiment shows that VPI-5 pore structure does not remain stable above 700°C.

2.3.6 TGA Determination of Optimum Absorption Procedure

As a basis for comparison, the zeolite was analyzed on its own using TGA. Using this analysis, it

was determined that a small amount of water was always trapped within the pores of the

zeolite, thus necessitating that each high-temperature step of the synthesis procedure be

accompanied by a hold at 100°C to purge out any water from the zeolite.

1-pyrenebutyric acid (PyBA) was then analyzed on its own to determine the amount of carbon

residue it could produce. The sample showed the behavior that was predicted in the

thermodynamic study, with a large mass reduction between 300-400°C due to PyBA

decomposing into volatile organics, followed by a sharp drop in mass after air was introduced to

the system. The overall mass drop was around 68%, with only about 3% due to graphitic carbon.
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The PyBA was then tested with cobalt nanoparticles to examine its viability on its own as a
carbon source for the nanoparticle catalyzed reaction. The sample showed the same behavior as
the PyBA on its own, with the majority of the mass lost to volatile organics. The overall mass
reduction was around 60%, with about 10% of that being from graphitic carbon, showing that
the cobalt nanoparticle improved the amount of precursor that was converted to graphitic

carbon.

VPI-5 was then infiltrated with PyBA via sublimation infiltration without the use of an AAO
membrane barrier to determine the viability of that absorption procedure. The sample showed
the same drop from water loss at 100°C, followed by the mass drop due to the decomposition of
the PyBA and subsequent release of volatile organic compounds. The sample then showed
about a 3% drop due to the carbon residue being burned away when air was introduced to the
system. The overall drop in mass was around 35%. This high level of mass drop shows that the
PyBA is not only adsorbed into the pores of the VPI-5, but also outside of the sample and

physisorbed to the outer surface.

Finally, the VPI-5 was infiltrated with PyBA via sublimation infiltration with an AAO membrane
barrier between the PyBA and the zeolite crystals. This extra step was implemented to prevent
excess PyBA from being involved in the TGA analysis, as the previous analysis of the
mechanically mixed sample showed a weight percent to be far too high to be due only to
absorption in the pores. These samples were then analyzed using TGA to determine carbon
content as well as total mass content. The results showed an overall mass drop of 18%, which is
consistent with calculated estimates of the pore volume of the VPI-5. The analysis also showed
that the graphitic carbon residue was around 3% (i.e. minimal difference between the two

processes in terms of carbon content).
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Figure 2-7: Thermogravimetric analysis of VPI-5 zeolite prior to absorption of 1-
Pyrenebutyric acid.
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Figure 2-8: Thermogravimetric analysis of 1-pyrenebutyric acid without cobalt
nanoparticle catalyst.
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Figure 2-9: Thermogravimetric analysis of 1-pyrenebutyric acid with cobalt
nanoparticles.
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Figure 2-10: Thermogravimetric analysis of 1-pyrenebutyric acid with cobalt
nanoparticle catalyst. Results show great improvement in graphitic carbon content by
adding the catalyst.
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TGA VPI-5 With Pyrenebuyric Acid Adsorbed With AAO Membrane
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Figure 2-11: Thermogravimetric analysis of 1-pyrenebutyric acid adsorbed within the
pores of VPI-5 zeolite with an AAO membrane barrier used during sublimation
absorption.

2.3.7 Raman Spectroscopy of Pyrolysis Product

Raman spectroscopy is the most widely used characterization method for identification of
carbon nanotubes®Y. Several characteristic bands can be used to identify the presence of
single-walled carbon nanotubes, such as the vibration of the hexagonal structure of graphitic
carbon (G-band) and the vibration that is induced by defects in the graphitic structure (D-band).
The most informative band however, is the radial breathing mode (RBM) of the Raman
spectrum. As the name suggests, this band is due to the wall of the CNT vibrating radially
outward and inward (“breathing”). This band can be used, not only to distinguish the Raman

spectrum of CNTs from graphitic carbon, but also to measure their approximate diameter. The
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ideal CNT sample will contain a large ratio between the heights of the G-band to the D-band and

will also show a well-defined, narrow RBM peak at w=397cm™.

The various synthesis parameters were evaluated on their ability to produce carbon nanotubes
based on the Raman spectra obtained from the final product. The results are summarized in
Table 2-6.

Table 2-6: Summary of Raman results for various experimental parameters, such as element and oxidation
state of the transition metal catalyst, method of carbon precursor absorption, and post-pyrolysis treatments.

Sample Catalyst Reduced Catalyst Abs H,0, Surfactant G/D RBM
In/Out with Oxidation
AAO
1 Co X In X 0.98 None
2 Co X Out X 0.97 None
3 Co X In X X 0.97 Weak
4 Co X Out X X 1.05 None
5 Co X In X X X Non None
e
6 Co X Out X X X 1 None
7 Co X In X 1.16 None
8 Co X In 1.19 None
9 Fe X In X X None
10 Fe X In X Non None
e
11 Fe In X X None
12 Fe In X None
Best Co X In 1.42  Strong/Broa
d

2.3.8 Best CNT Synthesis Procedure

Based on the Raman spectroscopic results obtained from altering the various synthesis
parameters, the samples that most likely contain carbon nanotubes were synthesized using the

following procedure.
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VPI-5 zeolite was synthesized by the optimized procedure as described by Anderson, et al[5].
Zeolite crystals were then dried in a vacuum oven to remove any water from the pores. Sample
was then immersed in solution of CoCl2 and allowed to soak for 3 hours to adsorb Co2+ ions
into the pore structure of VPI-5. After the Co@VPI-5 crystals were filtered by vacuum filtration
and dried in a vacuum oven, they were immersed in a solution of sodium borohydride (NaBH4)in
water to reduce Co2+ ions to Co nanoparticles. These crystals were then collected by vacuum
filtration and dried in a vacuum oven overnight. Sample was then mechanically mixed with 1-
pyrenebutyric acid (PyBA) and placed in an alumina boat before being transferred into the tube
furnace. The tube furnace was then placed under vacuum using a vacuum pump. The sample
was then heated to 100°C at a rate of 2°C/min and maintained at that temperature and pressure
for 1 hour, before raising the temperature to 150°C at a rate of 2°C/min and holding for 4 hours.
After they were cooled to room temperature, the VPI-5 crystals were removed from the furnace
and excess PyBA was washed from the surface with acetone. Co@VPI-5 with PyBA inside pores
was then placed back in the alumina boat in the furnace and was purged 5 times using argon
gas. The temperature was raised to 650°C under flowing argon (again, with a 100°C water purge
step) and held at this temperature for 1 hour. After it was cooled back to room temperature, the

product was recovered and placed in 10% HCI to dissolve away the zeolite template.

Raman spectrum of this sample showed the largest G/D ratio among all synthesis attempts
along with the most well-defined RBM peak, showing strong promise to the presence of 0.8nm

single-walled carbon nanotubes.
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Raman Spectrum for Pyrolyzed Carbon Sample
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In summary, VPI-5 zeolite has been synthesized in order to fabricate single walled carbon
nanotubes of diameter 0.8nm for water desalination applications. Raman spectroscopy shows
promising results for the presence of carbon nanotubes, but the presence of amorphous carbon
in the final product made it difficult to determine if CNTs were present. Additionally, the broad
RBM peak made it impossible to get any more than an approximation of the diameter of the

synthesized nanotubes.

X-ray diffraction studies were used to determine the optimum pyrolysis temperature by
annealing the VPI-5 to various temperatures. It was found that the zeolite structure
decomposed at temperatures above 700°C, making CNT synthesis above those temperatures

impossible.
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A study of the thermodynamics of the pyrolysis process revealed 1-pyrenebutyric acid (PyBA) to
be a more than suitable carbon precursor. Previous studies of this process have shown that
sugar compounds such as fructose and sucrose can produce carbon nanotubes in low yields, but
they also produce water during pyrolysis, causing decomposition of the zeolite structure. Using
PyBA as the carbon precursor should minimize the production of water and thus maximize the

ability to produce CNTs in large quantities.
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Ch. 3: Monolayer Plating of Precious Metals on Insulating
Mesoporous Supports

3.1 Introduction

The need for clean, renewable energy is one of the most important problems that face the
world today. Hydrogen energy has emerged as one of the leading candidates to replace the
current fossil fuel based energy industry. One of the most attractive processes for the
generation of hydrogen power is proton exchange membrane (PEM) water electrolysis. These
types of devices have several features that make them viable candidates for these applications,
such as low temperature of operation, high current density, low weight, and compact
design[67]. The primary hurdle faced by these industries is the prohibitively high cost of the
devices. The most expensive part of these devices is the precious metal catalyst. Generally,
platinum is used as the cathode of the device for the hydrogen evolution reaction (HER) and
iridium is used at the anode for the oxygen evolution reaction (OER). These metals are required
for two main reasons. The first is they yield the best catalytic activity for the two necessary
reactions in acidic systems. The other is that, due to the strong acidity of the electrolyte, a highly

noble metal is required to prevent corrosion of the catalyst[22].

Platinum (among other precious metals) is also commonly used in for numerous catalytic
applications, including the electrooxidation of methanol in direct methanol fuel cells[70]. It is
also used as a hydrogenation catalyst for unsaturated hydrocarbons[71] and used for the
decomposition of hydrogen peroxide[72]. The most common use of platinum catalysts,
however, is for the oxidation of carbon monoxide (CO) and complete combustion of exhaust
hydrocarbons (CH,) in automobile catalytic converters. In all of these devices, there is room for

cost reduction by improving the efficiency of the catalyst.
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Extensive research has gone into maximizing the efficiency of the catalyst and therefore
minimize the cost of the device. Currently, the state of the art practice is to use nanoparticles
(~2 nm) of the precious metal on mesoporous supports, such as high surface area
carbon[19,22,38] or zeolite[32] materials. This practice still only leaves about 30% of the atoms
on the surface and thus available for catalysis. The ideal situation would be to use a monolayer
of catalyst on a highly porous support material, making all atoms in the device available for

catalysis and allowing the substance to make maximum contact with the catalyst material.

The underpotential deposition of Cu has previously been demonstrated to plate a monolayer of
platinum by first depositing a monolayer of Cu atoms at a different voltage than bulk. This
process occurs when the copper atoms are more strongly bound to a foreign substrate than to
atoms of their own kind, which results in the deposition of anywhere between one and three
monolayers[26]. The Cu monolayer can then be monotonically replaced by platinum (or iridium)

atoms due to their difference in reduction potential[35].

This method for monolayer plating has been extensively studied, but has thus far only been
demonstrated using conductive substrates. Most notably, this process has been demonstrated
on gold substrates, such as Au(ll1)[24] and nanoporous gold (NP Au)[25]. It has also been used to
plate a monolayer onto carbon nanotube mattes[20], or create core-shell nanoparticles, where
some conductive nanoparticle substrate, such as Au or Pd is plated with a platinum monolayer
shell[14,66] . Gold, or other precious metal substrates, however, are not suitable for the

purposes of cost reduction due to their similar costs to that of platinum.

In this work, we demonstrate the ability to use the underpotential deposition and redox
replacement method to plate a platinum or iridium monolayer onto an insulating mesoporous

support by first depositing a conductive layer on one face of the support. By showing that a
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platinum monolayer can be plated from the conductive face across the pores of the membrane,
we show that the copper plates via a novel growth front mechanism, where initial nucleation of
the monolayer happens on the conductive face, followed by monolayer growth on the insulating

surface of the substrate as shown in Figure 3-1.

3.2 Experimental

3.2.1 Materials and Equipment
Anopore inorganic membranes (Anodisc) with support ring, 25 mm diameter, 0.02 um pore size

were obtained from Whatman.

Reagent grade K,PtCl; and IrCls-xH,0 were both obtained from Sigma-Aldrich.

X-ray photoelectron spectroscopy (XPS) was carried out using a Thermo Scientific K-Alpha X-ray

photoelectron spectrometer.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was carried out using a

Varian Vista Pro ICP-OES.

Electrochemical measurements were done using an eDAQ quadstat four channel potentiostat,

using Ag/AgCl reference electrode and a platinum counter electrode.

47



3.2.2 Monolayer Plating

A general diagram of the monolayer plating process is shown in Figure 3-2.

Using thermal evaporation, a 5 nm thick layer of Au was coated on one face of anodic aluminum

oxide (AAO) membranes (Whatman).

The membranes were then soaked in 10 mL of 5 mM CuSO,-5H,0 for 2 hours to allow Cu®*

cations to fill pores of the membrane.

The membrane was then set up in a three electrode cell, acting as the working electrode with a

platinum wire counter electrode and Ag/AgCl as the reference electrode.

The electrolyte solution consisted of 100 mL of 5 mM CuSO,4-5H,0 and 0.1 M H,SO,4 and was
deareated by bubbling with Ar gas for 30 min prior to the deposition in order to remove any O,

from the solution and the sample surface.

Underpotential deposition was carried out by applying 0.240 V (vs. Ag/AgCl) to the sample in the
potentiostat setup for 8 minutes. Following the Cu deposition, the membrane was immediately
placed in a 1 mM solution of K,Cl,Pt (Sigma-Aldrich) (or IrCls-xH,0 for iridium plating) and held
there for 10 min to monotonically replace Cu atoms with precious metal. The membrane was
then moved to 10 mL deionized water and left there for 10 min to remove any Pt** or Ir** cations

that could have physisorbed to the surface.
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3.2.3 Characterization
X-ray photoelectron spectroscopy was used to determine presence of the platinum (or iridium)

on the membrane surface that was not coated with gold.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was used to quantify the
platinum (or iridium) that was plated on the surface of the membrane. After monolayer plating
was completed, the membrane was placed in 10% HNO; and heated to 100°C for 3 hours to
digest sample and get analyte atoms into solution. Calibration curve was constructed using 5, 1,

0.5, 0.1, and 0.05 ppm standard solutions of the analyte.

The catalytic activity of the monolayer plated membranes was then tested with electrochemical

water electrolysis via cyclic voltammetry.

Control membranes were coated with a 5 nm thick layer of gold and then soaked in K,PtCl,

(IrCl3-xH,0) solution for 10 minutes, followed by a 10 minute rinse in DI water.

3.3 Results/Discussion

Membranes were tested for monolayer coverage using ICP-OES spectroscopy and x-ray
photoelectron spectroscopy (XPS) and for catalytic activity using electrochemical water
electrolysis. ICP-OES was used to quantify the precious metal in the samples in order to
determine that a monolayer was forming on the entire surface area of the membrane, rather
than simply on the face that was plated with gold. XPS was used to prove that the metal was
plated on the non-conductive surface. Since the only way platinum could be plated on the non-
conductive surface by nucleating on the conductive face and growing through the pores, this

result will show evidence of a growth front mechanism.
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3.3.1 Platinum Monolayer

Platinum plated membranes were dissolved in 10 mL of 10% nitric acid and analyzed using
inductively coupled plasma optical emission spectrometry (ICP-OES) to determine if platinum
monolayer was forming in pores of membrane or simply on conductive face of membrane. The
surface area of the membrane was estimated using the porosity (0.25) and thickness (30 um) of
the membrane provided by Whatman, and assuming that the pores were cylindrical and 20 nm
in diameter through half of the membrane and 200 nm in diameter for the other half of the
membrane, based on the fact that the pores branch off of one another and change diameter
throughout the membrane. Using this surface area, the concentration of platinum that can be
expected in a 10 mL diegested sample could be calculated. The results are summarized in Table
3-1.

Table3-1: Predictions of ICP data for Pt monolayer deposition on Au surface

only vs full membrane surface. Measured value of 5.53+£0.4 uM suggests that
monolayer is plated on full membrane

Monolayer on Au Monolayer on Full
Measured Value
Surface Membrane Surface
Calculated Surface Area
) 0.000137 0.00524
(m?)
Calculated Concentration
0..403 5.59 5.53+0.4
of Pt (uM)

ICP-OES analysis shows that the dissolved AAO membrane contained an average concentration
of 5.53+0.4 uM of platinum. Based on the calculated estimate, the sample would only be 0.403
UM if the monolayer was only plated on the conductive face of the membrane. The calculated
estimates predict that coating the entire surface of the membrane, including the conductive

face, the pores, and the insulating face would result in a 5.59 uM sample solution. Since the
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actual concentration of the digested sample adhered more closely to the estimates of full
membrane coverage, this test is the first step in proving the monolayer coverage via copper

growth front mechanism.

Since quantifying the amount of platinum plated on the sample still leaves the possibility of bulk
plating on the conductive surface, plated membrane was also analyzed with XPS to determine if
platinum was plated on the insulating surface. Platinum 4d peaks between binding energies of

350 and 315 eV were used to determine platinum presence due to primary peak overlap with Al

2p binding energy. The results of the analysis are shown in Figure 3-4.

XPS analysis shows faint platinum 4d doublet peaks, proving that small amounts of platinum are
present on the insulating face of the membrane. These small amounts are to be expected due to
the fact that secondary peaks had to be analyzed for this experiment as well as the small
amount of platinum that would be associated with a monolayer. This goes on to further
demonstrate the copper monolayer growth front mechanism, since the copper would not be
able to plate on the insulating face of the membrane without first nucleating on the conductive

face and growing across the pores of the membrane.
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After demonstrating that a monolayer of platinum could be plated onto an insulating support,
the catalytic activity of the membranes was tested using electrochemical water electrolysis via
cyclic voltammetry. Samples were subjected to 10 cycles between -0.35V and 1.0V (vs. Ag/AgCl)
with the membrane as the working electrode and a platinum wire as the counter electrode in
deaerated H,S0,4. Control sample showed very low ionic current with the applied potential,
without showing any reduction-oxidation behavior. Platinum monolayer membrane shows clear
electrochemical activity, with an onset voltage for the water splitting at around 0.80V. Though it
does show different behavior than the standard behavior that is associated with bulk
platinum([33], redox peaks clearly show electrochemical activity, with a peak at 0.606 V, shifted

cathodically from the reference due to the particle size effect, where cathodic shift occurs as a
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result of smaller particle size as compared to a bulk sample[69]. The gradual decay in current is

likely due to loss in platinum surface area from particle formation during electrolysis.
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3.3.2 Iridium Monolayer

The effects of a monolayer of iridium plated on AAO membranes were also studied, in order to
show that this process can be used to improve both the hydrogen and oxygen evolution
reactions in hydrogen production devices. These membranes were also characterized using XPS

to determine presence of iridium on the surface opposite the gold coated face. Iridium 4f peaks
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between 60-70 eV were used to determine iridium presence, as they do not overlap with
aluminum 2p peaks, as was the case with platinum. As shown in Figure 4, iridium is clearly
detected in the sample against the control. Since the XPS signal was stronger than expected,
ICP-OES analysis was repeated for iridium monolayer membranes. The estimated surface area
and the expected concentration of iridium sample was calculated in the same way as above. As
was observed with platinum, ICP-OES shows that the quantity of iridium on the surface of the
membrane (6.67+3.0 LM) was more consistent with a monolayer over the entire surface of the

membrane (6.01 uM), rather than simply plating on the gold face (0.421 uM).
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Table 3-2: Predictions of ICP data for Ir monolayer deposition on Au surface only vs full
membrane surface. Measured value of 6.67£3.0 UM suggests that monolayer is plated
on full membrane

Monolayer on Full

Membrane Surface Measured Value

Monolayer on Au Surface

Calculated Surface Area

(m?) 0.000137 0.00524

Calculated Mass of Ir

0.421 6.01 6.67+3.0
(uM)

Since the iridium monolayer plated membranes showed similar results from ICP-OES and XPS

characterization, the catalytic activity of these samples was then tested with the same

electrochemical water electrolysis. Voltammetric curve for iridium in Figure 3-7 shows two main

regions of electrochemical activity. The first, between 0-0.5V (vs. Ag/AgCl) is the hydrogen

adsorption region, which is distinguished by a large oxidation peak, followed by the formation of

a new oxide species, associated with the peak around 0.65 V. In this second area, the Ir was

initially oxidized to an Ir(lll) species. The shape of this voltammagram is consistent with

reference[23].

Due to iridium oxidation, the sample tended toward loss of conductivity after only one potential

cycle. In order to keep the sample conductive through more than one cycle, a monolayer of gold

was plated onto the membrane before the iridium, using the same underpotential deposition

and redox replacement method. The overall redox behavior of the iridium is still observed,

although though the hydrogen adsorption peak still diminishes due to loss of surface area

caused by IrO2 particle formation. Since gold has a low affinity for iridium oxide, this becomes
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an issue of surface migration of the monolayer. This formation of particles also accounts for the

shift in potential for the oxidation peak due to the particle size effect. This further indicates that

the monolayer plates on the entire membrane, rather than the conductive face, as the gold

monolayer would have no effect on the conductivity if it was only plating on top of a thick film

of gold.
Iridium Monolayer Membrane

2.00E-04 -
1.50E-04 -
1.00E-04 -

<

el

§ 5.00E-05 -~

5

(&)

-0.6 1 1.2
-5.00E-05 -~
-1.00E-04 -

Potential (Vs Ag/AgCl)

56



CV Plot Ir/Au Monolayer AAO Membrane
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Figure 3-7: Cyclic voltammagram of AAO plated with gold/iridium monolayer in deaerated,
5 mM sulfuric acid with 0.1 mM KCI. Plot shows 10 scans and demonstrates gold monolayer
improving conductivity of monolayer plated membrane.

3.4 Conclusions

We have for the first time succeeded to plate a precious metal monolayer onto an insulating
support using the underpotential deposition of copper, followed by the redox replacement by
precious metal. This demonstrates a novel copper monolayer growth front plating mechanism.
While the plating of the precious metal was successful, one issue that faces the process is loss of
catalytic activity after only a few potential cycles. We hypothesize that this issue can be
attributed to surface migration of the catalyst atoms, resulting in particle formation and loss of

surface area. Further study is needed to mitigate this issue.

Since membranes show efficient mass transport, this allows for efficient flow across the surface
of the catalyst, while minimizing the quantity of catalyst used and maximizing its efficiency.
Applications for these membranes include polymer electrolyte membrane fuel cells, hydrogen
production through water splitting, flow battery energy storage, and electrocatalytic
conversions. This process can be used to lower the cost of these devices, thereby making them a

more viable alternative energy source in the future.
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Ch. 4 — Conclusions and Future Work
4.1 Conclusions

4.1.1 Zeolite Templated Carbon Nanotube Synthesis

Virginia Polytechnic Institute number 5 (VPI-5) zeolite was used in an attempt to synthesize
single walled carbon nanotubes (CNTs) with a uniform diameter of 0.8 nm. These nanotubes
were to be used to fabricate an ideal CNT membrane for water desalination. X-ray diffraction
was used to confirm the synthesis of VPI-5. Raman spectroscopy of the final pyrolysis product
showed encouraging results for the presence of CNTs, based on a reasonable G/D ratio and a
strong RBM peak. The presence of amorphous carbon, however, made it difficult to confirm the
presence of CNTs via TEM imaging. Also, the broad RBM peak made only an approximation of

the CNT diameters possible.

X-ray diffraction was also used to study the effects of high temperature on the structural
stability of the zeolite. It was found that the VPI-5 pore structure decomposed at temperatures
higher than 700°C. This study was used to determine that CNT synthesis within the pores could

not be done at any temperatures higher than this.

Additionally, a thermodynamic study of the pyrolysis process was conducted to determine a
suitable carbon precursor for this synthesis. The results of this study showed that 1-
pyrenebutyric acid (PyBA) was better suited to the pyrolysis reaction than fructose, which had
been previously used to produce CNTs in low yields. PyBA proved to be a more suitable
precursor due to its low oxygen and hydrogen content, as well as its ability to produce large
amounts of graphitic carbon when pyrolyzed. Using PyBA as a carbon precursor should minimize
the amount of water produced during the synthesis, and thus minimize the tendency of VPI-5 to

decompose at high temperatures and maximize the ability to produce CNTs in large quantities.
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4.1.2 Monolayer Plating of Precious Metals

For the first time, we have demonstrated the ability to plate a monolayer of platinum and
iridium onto an insulating support material using the underpotential deposition of copper,
followed by the redox replacement of the more noble metal. This process has the potential to

greatly improve the efficiency and decrease the cost of many catalytic devices.

In doing so, we show evidence of a copper growth front plating mechanism, wherein copper
monolayer first nucleates on a conductive surface and grows through the insulating pores of an
aluminum oxide support. By taking advantage of this growth front, we can potentially plate a
monolayer of precious metal onto other porous oxide materials, provided there is a conductive

film on one surface of the material.

Since membranes show efficient mass transport, this allows for efficient flow across the surface
of the catalyst, while minimizing the quantity of catalyst used and thus, maximizing its efficiency.
Applications for these membranes include polymer electrolyte membrane fuel cells, where they
can improve the production of hydrogen through water splitting. Flow battery energy storage,
and electrocatalytic conversions are also areas where the ability to maximize catalyst efficiency
is @ major concern. This process can be used to lower the cost of these devices, thereby making

them a more viable alternative energy source in the future.
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4.2 Future Work

4.2.1 Zeolite Templated Carbon Nanotube Synthesis

The ability to synthesize single-walled carbon nanotubes of uniform diameter using VPI-5 zeolite
as a template could provide new opportunities for an ideal water desalination system due to the
high fluid flow that carbon nanotube membranes provide along with the ability to exclude salt
ions. Results from this work show great promise toward the ability to synthesize 0.8 nm
diameter CNTs, but further study of the impregnation and formation of the transition metal
nanoparticle catalyst is still needed to make this synthesis a reality. These CNTs can then be
embedded in an epoxy matrix and microtome sliced to fabricate 5 um carbon nanotube
membranes. With this membrane fabricated, further study must be conducted into the fluid

flow, separation ability, and fouling resistance.

These desalination membranes are the first step toward the capability of fabricating a charge-
driven molecular water pump. In this system, a combination of charges can be positioned along
the nanopore. Previous work in molecular dynamics simulations have shown that by placing the
charges at specific positions along the nanopore can cause improved water flux through the
pores of the membrane at 1 atm of pressure. This process is made possible by taking advantage

of the charge dipole-induced ordering of water that is confined in nanochannels.

The entrances and exits to the membrane can also be chemically modified in order to improve
the selectivity. Much research has been conducted in the past in the functionalization of carbon
nanotube membranes and the attachment of actuated “gatekeeper” molecules that can mimic
the behavior of proteins can be used to select particular chemical species from a solution. This

species can then be pumped through the CNT membrane, mimicking the fast fluid flow of
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natural aquaporins. Upon flowing through the membrane, the species can then come into
contact with catalyst material at the exit to the pore. Using this type of work, the overall goal of

mimicking natural enzyme systems can come to fruition.

4.2.2 Monolayer Plating of Precious Metals

The ability to plate a monolayer of precious metals onto a highly porous, insulating support is a
great step forward in the field of catalysis. Since the high cost of most catalytic devices can be
attributed to the precious metal catalyst, it is imperative to maximize its efficiency in order to
make it economically viable. One of the main issues with this process is the formation of
particles of the precious metals after only a few voltammetric cycles. This problem is primarily
due to the surface migration of the catalyst atoms along the surface of the support. We
speculate that this is caused by the low affinity that the atoms have for the substrate. Further

research is needed to find ways to modify the surface of the support to prevent this migration.

Similarly to water splitting, the electrooxidation of methanol or ethanol is commonly used for
fuel cell energy storage. Further research into this catalyst’s efficiency with this reaction is also a

necessity for the advancement of energy production and storage.

Further research for this process will involve plating a monolayer onto other substrates, such as
TiO, and be tested for photocatalytic water electrolysis. Much research has gone into the ability
to split water using methods involving solar energy. The two major hurdles that solar energy
faces are high cost and intermittent production of energy. The ability to lower the costs of these
devices by using as little of the precious metal catalyst as possible should prove to be a great
advancement in the technology. The other major hurdle to the industry is also addressed by the

ability to improve the catalytic efficiency of hydrogen production. The ability to store the energy
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collected from solar energy units as chemical energy can be improved by making the water

electrolysis reaction more efficient.

Membranes that have been coated in platinum via CVD have previously been demonstrated to
be useful for hydrogen separation and storage. These materials have been shown to have a
higher selectivity than that predicted by Knudsen diffusion and three orders of magnitude
higher permeability of hydrogen than electroless plated platinum membrane. Further work in
the field of monolayer electroplating can potentially improve the gas separation abilities of
these materials, since the flux of hydrogen was found to be inversely proportional to the

thickness of the platinum layer[77].

Additionally, these catalysts can be tested for their ability to improve the efficiency of other
reactions, such as CO oxidation for automobile catalytic conversions. Since it has been
demonstrated that noble metals like platinum and iridium can be plated onto high surface area,
inexpensive supports, further research can be conducted into monolayer plating of other

precious metals that are commonly used in these systems, such as rhodium or palladium.

This process can also be used to plate the exits of a carbon nanotube membrane in order to
mimic the catalytic efficiency of natural enzymes. Future work involving the ability to mimic the
catalytic activity of natural enzyme systems hinges on the ability to get every catalyst molecule
to interact with a substrate molecule. By combining the ability to plate a monolayer of precious
metals onto the surface of the charge-driven water pump, this level of catalytic efficiency can be

achieved.
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