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Foreword

The water, food and energy nexubas been a driving force for research and
AAOGAT T DI AT O ET 1T ATU AOAAO 1T &£ OAEAT AA AT A Al CE
and humans demand higher quality of life, we put strain on all three areas of thexus.
Access to clean water is necessary for the production of food, for sustenance, sanitation,
and in some cases the production of energy. This puts strain on the need for more energy to
purify the water needed for these tasks and puts a strain on foakcurity if water is being

used in other industries.

An increase in the demand for food places strain on water security as agriculture is
currently responsible for around 70% of the total water usage. Additionally, more energy is

needed to produce fertilizr, run farming equipment, and transportingfood to the masses.

As we increase the demand for energy, it puts a strain on water security as we use
water in the processing of some forms of energy. Food is also strained as we can use our

food supply to geneate energy in the form of biofuels.

Attacking this nexus from one research area can have consequences that result in
the reduction of strain at another point, giving the research far reaching benefits in an area

it does not pertain to.

The research descriled within this dissertation focuses on energyrelated materials.
In chapter I, a new synthesis technique is described which not only is capable of producing
energy generation devices, but also offers an alternative to current energy inefficient

processesUsing our current sources of energy efficiently also reduces strain on the nexus.



Chapter Il approaches the energy problem from a more traditional source.
Alternative energy sources have long been sought to replace our finite supply of fossil fuels.
Solarpower and renewable biofuels have long been researched as a possible alternative to
fossil fuel based energy sources. We have successfully synthesized catalysts that function to
break down some of these biofuels, like methanol and formic acid, and produeeergy

using a fuel cell.

Lastly, chapter Ill focuses on a topic outside of our traditional research and looks at
the geochemical makeup of a river delta. The knowledge gained from this study allows us a
glimpse of the Earth thousands of years in the paand see how time and environmental
processes has changed the makeup and face of our planet, perhaps giving us a chance to

predict what will happen in the future.

Science is the collection of knowledge gathered over the period of hundreds of
thousands of lfetimes, everything that has been discovered up to this day will be used now

and in the future to guide researchers in their quest for answers.



Chapter I: Confined -Plume Chemical Deposition of Transition Metal Borides and
Chalcogenides Initiated b y Pulsed, Infrared, Tabletop Lasers

Introduction
ConfinedPlume Chemical Deposition

In chemical vapor deposition (CVD), a volatile precursor is vaporized and passed
through a heated chamber where decomposition occurs onto a target substrate.i¥h
process @asily produces highpurity materials.1z4 One requirement for CVD pecursors is
volatility at room temperature and atmospheric pressure. While there are a large number
of precursors that meet this requirement, many materials are not able to be synthesized by

this method due to the lack of a suitably volatile precursor.

In physical vapor deposition, a target consisting of the desired material is acted
upon by a physical process, such as sputtering or heating, which results in the formation of
a vapor>6 The vapor then is deposited on the substrate of choice. While efficient, the
deposition of this material is wasteful, as it also coats the interior of the chamber the vapor

is contained inand does not guaranteg¢he formation of a crystalline product

Most of these techniques requiréghe use of specialized vacuum equipment, inert
atmospheres, and volatile precursors to achieve uniform deposition. Additionally,
obtaining crystalline materials deposition requires he heating of the substrate, precluding
deposition on temperature sensitive substrates such as polymers and biological tissue. A
deposition method that can be performed under ambient conditions and obtain crystalline

materials is therefore sough.

Confined-plume chemical deposition solves a majority of these problemsin CPCD,

a precursor is physically confined between two substrates. The top substrate must be

3



transparent to the incident irradiation wavelength, while the bottom substrate is wherethe
bulk of the depositionoccurs. This assembly is then exposed to resonant irradiation from a
pulsed laser. The laser is tuned to a vibrational mode found in the molecular precursor. The
absorption initiates the formation of a reaction plume, from which crystalline materials

nucleate and grow from the substrate surfacérigure 1) . Attempts to

7 l 7
Sy &) T

Spatial Confinement Plume Formation Deposition

Figure 1. Cartoon depiction of CPCD processing

induce decomposition by df-resonant wavelengths results in no decomposition of
precursor molecules. The pulsed nature of the incident beam temporally confines the
plume and results in the rapid dissipation of thermal energy throughout the substrate
material, resulting in nonoticeable collateral thermal damage. This process was initially
demonstrated using a freeelectron laser, a tunable infrared source. Although the initial
experiments were successful in depositing crystalline material on polymer substrates, the
lack of widespread accesto FEL facilities led researchers to adapt this technique to be
demonstrated on tabletop lasers, which are found at most research institutions across the

world.

Among the tabletop lasers avidable at Vanderbilt are an 806nm Ti:Sapphire laser,
which operates at a power ofl W, with a pulse duration of 130 fs and repetition rate of 1

kHz.Another laser, a 527nm Nd: YLF source, operates with a maximum power of 6 W, with



a pulse duration of 150 ns, and a repetition rate of 1 KHAdditionally, an infrared 2.94-um
Er:YAG denal laser, with a maximum energy of 300 J, with a pulse duration 05Q ps and a
repetition rate of up to 20 Hz is availableThethree available wavelengthsyastly different
energies and pulse durations allow the applicability of this technique to be canined

under a wide set of parameters.

Superhard Materials

Superhard materials are defined as a material with a bulk modulus of over 40 GPa.
These materials have many applications in the area of cutting and wear resistant tools. The
resistance of these meerials to compress or deform is thought to be related to the degree
of covalent character of the bonds in the material. Examples of superhard materials are
diamond, B:C, eBN, OsB, WB; and ReB.8910 Diamond, the strongest material known, is
commonly used as a coating for cutting blades, but is not used to cutrf@us materials.
Cutting an iron-containing material with a diamond blade resuts in the formation of brittle
iron carbide. Boride materials are more desirable for the cutting of ferrous materials as

iron boride phases are not stable.

ReB has been synthesized by a number of routes, including arselting of rhenium
and boron powdersat high temperature, but this reaction takes place over a period of 5

daysi1.12 Therefore a rapid synthesis route for ReBproduction is desired.

Semiconducting Materials

The semiconductor industry hasgrown rapidly since the discovery of the transistor
in 1947. Current semicomuctor research is spread across many areas including computers

and photovoltaic power generation!3.14 Semiconductors are desirable materials due to the



ability to dope the pure material and thereby change its electronic properties. Silicon,
especially, is known for the ease of which it can be doped to eithettype (e.g.phosphorus,
arsenic) or p-type (e.g.boron). In photovoltaic devices, controlling the band energy of a
semiconductor matrial is essential to allow electrons to be accepted and donated

throughout the device.

ZnO is an intrinsically rdoped semiconductor with a band gap of 3.3 eV.
Additionally, it is a piezoelectric material, which allows it to be used in piezoelectric
devices, in which mechanical strain can be harvestetelectrical energy5:18 It can be
synthesized by a number of métods, including hydrothermally, atomic layer deposition, or
electrolysis1® However, most of these synthetic methods result in either low deposition

rates or require high temperatures.z0

Photosynthesis Based Photochemical Electrical Gatien

Over the course of billions of years of evolution, nature has created a robust and
efficient means to convert solar energy to chemical energy. Photosynthetic proteins found
in plants and algae are capable of photoexciting electrons from the P700 réiaa center, a
modified chlorophyll, to a set of redox centers consisting of iroisulfur clusters at the s
site. A watersoluble protein, known as ferredoxin, is able to accept this electron, while the
hole generated in the P700 reaction enter is filledyanother protein, plastocyanin?! By
replacing the redox centers with other electrochemical mediators, we are able to hijack the

photosynthetic pathway and usegphotoexcited electrons to generate electricity.

In addition to electrochemical mediators, semiconducting materials are also capable

of accepting this photoexcited electron, while other semiconductor, such asdoped silicon,



are able to fill the hole generated at the P700 reactiocenter. This combination of

inorganic and biological components leads to a biohybrid photosynthetic device.

When constructing a device based around agoped silicon/PSI substrate, the
electron accepting semiconductor must be transparent to visible lightotallow the
photoexcitation to occur. ZnO has been shown tceeptelectrons from the kg site and as a
large band gap material, is also transparent to visible light. While ZnO is a suitable material
for these types of devices, deposition &nOonto a biological material composes several
challenges. Firstly, most deposition of ZnO is accomplished by hydrothermal processing in
which termperatures exceed 80°C. Exposure of the protein to these temperatures is likely
to denature it with the loss of itsphotoadivity. Secondly, the semiconducting ZnO must
have sufficient contact with the protein as to be able to accept its electron. CPCD offers a
method that is capable of deposition under mild conditions, allowing the protein to remain
photoactive and offers god contact between the substrate and semiconducting material.
Using CPCD initiated by a 2.9@m tabletop Er:YAG laser, we have constructed a robust

ZnO/PSI interface and generated a solidtate biohybrid photoelectrochemical device.

Experimental Methods
Gereral Considerations

X-ray diffraction patterns were collected on a Scintag-4 Powder Xray
Diffractometer equipped with a copper target and a Peltier cooled solidtate detector.
Scanning electron microscopy images were collected on a Hitachi S4200 scaugnelectron
microscope at 10 kV accelerating voltage. Energy dispersiveay spectra were collected at
20 keV. Raman spectra were collected on a Thermo Scientific DXR Confocal Raman

Microscope (532 nm, 2 mW).



Synthesis of Re(CByr22

Under a nitrogen atmosphere, R€CO)o (1.5 g, 2.3 mmol) was dissolved in 50 mL
dichloromethane. Then, bromine was added dropwisantil the color persisted. This
solution was stirred for 30 minutes, then the solvent and excess bromine were removed by

rotary evaporation. A white solid, Re(CQPBr, was collected.

Synthesis of CgBs23

In a 3-neck flask equipped with a magnetic stirring bar and under a nitrogen
atmosphere, NaBH is dissolved in dry, distilled 250 mL diglyme (bis(2methoxyethyl)
ether) and heated to 100°C. Meanwhile, iodine is dissolved in 125 mL diglyme in a
separate flask under a nitrogen atmosphere. When the NaBbblution has reached 100C,
an addition funnel is placed into one of the necks of the flasand the iodine solution is
added to it. A gas bubbler charged with-picoline is placed in the last neckand nitrogen
flow is stopped (2picoline will react with any diborane that escapes tk reaction flask).
The iodine solution is then slowly introduced to the NaBHsolution at a rate of about 1 mL

per minute so that the entire addition is complete over 2 hours.

Once the addition of the iodine is complete, the solution is stirred an addithal 1.5
hours. The flaskcontents are transferred to a tneck flask and the solvent is removed by
rotary evaporation at 100°C. The flask is then allwed to cool to room temperature. he
solid is extracted with 50-mL portions of diethyl ether until the sdvent is colorless.1,4-
dioxane is then added to the collected ether solution to precipitate NaBg-3 GHsO.. The
solid dioxane is then added to a 1 L solution of CsBr in water, with a 10% excess of CsBr. A

white powder precipitates from this solution and is filtered and dried to yield CsBHs.



Synthesis of Re(CBsHg?2

A quartz Schlenk flask is charged with enagnetic stirring bar and about 20 1 mm
glass beads. The flask is purged with nitrogen through the use of a needle. Then,
Re(CO3Br (1.0 g, 2.5 mmol) and CsfBis (0.500 g, 2.8 mmol) are added along with 30 mL
methylene chloride. The Schlenk flask is thefitted with a reflux condenser and a gas
bubbler. The reaction solution is purged with nitrogen throughout the reaction. The flask
is irradiated with a mercury vapor lamp with maximum emission around 254 nm, for 72
hours. The flask contents are then trasferred to a 3neck round bottom flask and the
methylene chloride is removed under reduced pressure and the product, Re(GB8jHs, a
colorless liquid, is collected under high vacuum (< 1 mtorr) at40 °C (dry ice/acetonitrile)

in a pear shaped flask.

Synthesis of ReBby ConfinedPlume Chemical Deposition

1 drop of Re(COYBzHs is placed onto a substrate of choicand confinedby a
sapphire wafer using an IRspectroscopy pellet holder or a custom aluminum frame. The
multilayer specimen is then mounted to arX-Y stage and passed through a cylindrically
focused laser beam. Thiaser source is either an 806hm Ti:Sapphire source with a power
of 1 W, pulse length of 130 fs and a repition rate of 1 KHz, or a 527nm frequency doubled
Q-switched Nd:YLF source wih a power of 3.5 W, pulse length of 100 ns and a repetition
rate of 1 KHz. The specimen is scanned though the laser beam at a rate of ifdfsec until
the precursor layer is completely converted, typically 710 times. The sapphire wafer is
removed to reveal a black deposition on the bottom substratalongthe path of the laser

beam.



Mechanical Testing of ReB°TFE composites

Nanoindentation data was collected on an Agilent G200 nanoindenter with a
Berkovich pyramid tip and a load of 50 pN. Adhesion dataas determined using a Deben
Microtester. Dogbonesamples of PTFE were stamped from a sheet of PTFE and coated with
ReB by CPCD as described above. The dogbemneere then cut into smaller pieces roughly
mM8pcuo @ 1 daatéd silld was sariel widio0-grit sandpaper and etched with a
fluoropolymer etchant. This sanded and etched side was then glued to another sanded and
etched piece of PTFE with RealTek Bondft811 and cured in ambient conditions for 36
hours. Another dogbone piece was sanded andofited and adhered to the ReBcoated face

with RealTek BondI+4811 and cured for 36 hours.

After curing, the dogbone assembly was loaded into a Deben Microtester and a 200
N load was applied and displacement occurred at a rate of 0.1 mm/min. Force/strain
curves were generated and the adhesion strength of the coating to the polymer was
determined. Additional samples were prepared with the PTFE surface being etched before

the deposition of ReB occurred.

Synthesis of Mn(CeBr24
Under a nitrogen atmosphere, Mg(CO)o (1.5 g, 3.8 mmol) was dissolved in 50 mL

carbon tetrachloride. Then, bromine was dded dropwise until the bromine color persisted.
This solution was stirred at 40°C for 30 minutes, then the solvent and excess bromine were

removed by rotary evaporation. A yellow solid, Mn(CGBr, is collected.

10



Synthesis of Mn(C@BsHg2®

A quartz Schlenk flask is charged with a magnetic stirringar and about 20 tmm
glass beads. The flask is purged with nitrogen through the @®f a needle. Then,
Mn(CO}Br (1.0 g, 3.6 mmol) and CsfBls (0.717 g, 4.1 mmol) are added along with 30 mL
methylene chloride. The Schlenk flask is then fitted with a reflux condenser and a gas
bubbler. The reaction solution is purged with nitrogen throudpout the reaction. The flask
is irradiated with a mercury vapor lamp with maximum emission around 254 nm, for 72
hours. The flask contents are then transferred to a-8eck round bottom flask and the
methylene chloride is removed under reduced pressure ahthe product, Mn(CO)BsHs, a
red-orange liquid, is collected under high vacuum (< 1 mtorr) at40 °C (dry

ice/acetonitrile) in a pear shaped flask.

Synthesis of ZiOH)(CQ)226

Under a nitrogen atmosphere, 25 mL dry te@hydrofuran is added to a threeneck
flask. Npropylamine (1.50 mL, 1.08 g, 18 mmol) is then added along with 3.6 mL of a 5.0 M
n-butyl lithium solution in diethylether. The solution is stirred for 30 minutes, and then
carbon dioxide is bubbled into the solution for 15 minutes. Then a solution of ZnGh
water is added to the solution and a white solid, OH)s(CQ)2, precipitates. The solution
is filtered and washed with water, and the white solid is dried at 50C in anoven

overnight.

Extraction of Photosysten?1

Thylakoid membranes were isolated from spinach leaves via maceration and
subsequent centrifugation at 4000 g. The PSI complex was then removed from the
thylakoid membrane by adding a high concentration of surfactantpllowed by further

11



centrifugation. The protein was then purified using a chilled hydroxyapatite column.

Following elution, excess surfactant and salt were removed via dialysis.

Synthesis of ZnO/Photosystem Hgoped Silicon by Confinedlume Chemical Desition
10 mg Zis(OH)s(CQ)2 is suspended in 1 mL benzene and 3@ of this solution is

dropcast onto a layer of photosystem | that had been deposited ondoped silicon and
confined with a glass microscope slide. The multilayer specimen is then placedaim IR
spectroscopy pellet holder, or a custom aluminum frame. This frame is then mounted to an
X-Y gage and scanned through a 2.9am Er:YAG laser with an energy of 100 mJ, pulse
length of 100pus and a repetition rate of 20 Hz that has been focused thrgh a cylindrical
ZnSe lens. The sample is passed through the laser twice at a rate of f6lsec. The glass

slide is removed to reveal a translucent white film on the substrate.

Photoelectrochemistry of ZnO/PSlfdoped Silicon multilayers

Photoelectrochemcal measurements were perforned using a CH Instruments CHI
660A electrochemical workstation. The silicon substrate was set as the workinglectrode,
with Ag/AgCl (3M KC) as the reference electrode and platinum mesh as the counter
electrode. Electrochemial mediator solutions consisted of 100 mM potassiurhloride,
and either 2 mM hexaamineruthenium(ll)) chloride or 2 mM methyl viologen dichloride

hydrate.

Solid-state Device Fabrication

Solid-state devices were faricated using indium tin oxide-coated
polyethylterephthlate (ITO-PET) (60msquare?) to make electrical contact with the ZnO

layer. To generate as much contact as possible, a small piece of PET was pressed onto the
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flexible ITO electrode by sandwiching the layers between two pieces of glass and binding
the system together withclips. Photochronoamperometric expeiments were performed at
an appliedpotential of 0.0 V (vs. Ag/AgCl). lllumination was provided using a 250 W cold
light source equipped with a 633nm high-pass filter generating a light intensity of 0.19

W/cm?2,

Current-Voltage Measurements at Solar Simulation

i-V curves for solidstate devices were obtained using a solar simulator with an
AM1.5G filter connected to a Keithley 2400 source meter controlled by a custedesigned
Labview program. The samples were swept frorr0.5 to 0.5 V at a step rate of 0.02 V. The

lamp was calibrated to 1.00 full sun with a NREL certified silicon reference diode.

Synthesis of CAfSN(CHCH.CH;)H]28

Under a nitrogen atmosphere, 25 mL dry tetrahydrofuran is added to a three neck
flask. Npropylamine (0.938 mL, 0.638 g, 11 mmol) is then added along with 2.3 mL of a
4.6 M nbutyl lithium solution in diethylether. The solution is stirred for 30 minutes, then
carbon disulfide is added to the solution. Then a solution of Cd@ water is added to the
solution and a yellow solid, CA[8CN(CHCHCH)H], precipitates. The solution is filtered

and washed with water, and the yellow solid is dried at 50C in an oven overnight.

Synthesis of CdS by Confireldime Chemical Deposition
5 mg Cd[SON(CHCHCHs)H]2 is sprinkled onto the substrate of choice and confined

with a glass microscope slide. The multilayer specimen is then placed in an IR
spectroscopy pellet holder, or a custom aluminum frame. This frame is then mounted to an

X-Y dage and sanned through an 806nm Ti:Sapphire source with a power of 1 W, pulse
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length of 130 fs and a repetition rate of 1 KHz or 28um Er:YAG laser with an energy of
100 mJ, pulse length of 30 ps and a repetition rate of 20 Hz that has been focused through
a g/lindrical ZnSe lens. The sample is passed through the laser twice at a rate of 300

pm/sec. The glass slide is removed to reveal a transludeyellow film on the substrate.

Results and Discussion

ConfinedPlume Chemical Deposition of RefBms using 806nm and 527nm pulsed, tabletop,
laser irradiation

When multilayer assemblies containing Re(C@BsHs are exposed to femtosecod
pulsed irradiation from a 527-nm or 800-nm tabletop laser, CPCD proceeds by the
formation of a reaction plume originatingat the precursor layer. After initial plume
formation, the sample is scanned through the laser beam, causing the reaction plume to
propagate throughout the rest of the sample. The reaction plume will persist until the
precursor layer is exhausted. From this reacdn plume, microcrystalline platelets of ReB
nucleate and grow from the surface of the substrate. The pulsed nature of the beam allows
thermal energy to rapidly dissipate throughout the substrate material, resulting in no
noticeable collateral thermal damage to the substrate. Removal of the sapphire wafer
reveals a black deposit on the bottom substrate, with a small amount of deposition on the
sapphire itself. XRD analysis of this film indicates the formation of ReBs the major
crystalline product, with a small amount of BOs also present(Figure 2) . The presence of
B>Osis expected as the precursor contains an excess of boron which rapidly oxidizes.
Raman analysis is also consistent with the formation of ReBwith a peakaround 768 cm-1
which correspondsto the B-B out of planevibration (Figure 3). Additionally, two broad

peaks are seerat 1373 and 1588 cm?, which are consistent withD- and G- bands ofsp?-
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hybridized carbon, respectfully. This carbon originates from the decomposition of the
carbonyl ligands in the precursor molecule as there is no other source of carbon in the
ReB/glass system carbonhas previously been noted from the thermal decomposition of
W(CO}.12 SEM analysis of this sample shows a uniform field of thin platelets across the

entire substrate (Figure 4) .

20 4‘0 6‘0 B’O
2 Theta (deg.)

Figure 2. XRD pattern of ReBglass, red drop lines are that of bulk ReB(PDF#11-0581)
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Figure 3. Raman spectra of ReBglass. Peakat 768 cm1 is assignedo the B-B out ofplane
vibration of ReB, while peaks atl373 and 1588 cm! are assigned toD- and G-band of
carbon, respectively.
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Figure 4. SEM iag of Refy

With confirmation that CPCD is possible on a tabletop laser, we sought more
evidence that there idlittle or no collateral thermal damage to the substrate. By replacing
the glass substrate with high density polyethylendHDPE)and poly(tetrafluoro)ethylene
(PTFE) we hoped to create a robust interface between therystalline ceramic ReB layer
and the polymer surface, which cannot be created by any other deposition technique. XRD
analysis of ReB/HDPE composites indicates much the same as ReBglass samples. ReBis
the major crystalline product formed, as well as a small amount ofBs (Figure 5) . In
addition, SEM and Raman analysis are consistent with the morphology and Raman shift of
the glass samples, indicating no difference ithe deposition when the substrate is changed

(Figures 6 and 7). The PTFE samples again follow this same treffigures 8-10).
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Figure 5. XRD pattern of ReBHDPE. Red drop lines indicate pattern of bulk ReBPDF #
11-0581).
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Figure 6. Raman spetrum of ReB/HDPE

Figure 7. SEM image of ReBHDPE
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Figure 8. XRD pattern ofReB/PTFE. Red drop lines indicate pattern of bulk ReBPDF #
11-0581).
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Figure 9. Raman spectrum of ReBPTFE

Figure 10. SEM image of ReBPTFE
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Using a527-nm source, ReB was also deposited on a bone cross section collected
from a domestic cow femur. The use of another wavelength to initiate plume formation
adds to the breadth of CPCD. Deposition occurs in much the same way as usin@@tenm
source, but the concetration of platelets seen on the bone surface is much lower than seen
on any other substrate(Figure 11 ). The lower light intensity from the 527-nm laser in
comparison to the 803nm laser could lower the amount of nucleation events that occur,
leading to lower coverage of the film. Addtionally, his could be due to the porosity of the
bone, where the liquid precursor is infiltrating these pores and nucleating and growing
from the interior. XRD analysis indicates that ReBs the only crystalline product(Figure
12). SEM analysis show a sparse coating of plateletbut is the bone is visibly black,

indicating deposition does occur at every point on the surface.

Figure 11. SEM image of ReBbone initiated by a 527-nm laser
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Figure 12. XRD pattern of ReBbone. Red drop lines indicate bulk ReB(PDF#11-0581),
Blue dashed lines indicate bulk hydroxyapatite (PDF#09432)

Analysis of ReBPTFE Adhesion Strength

Nanoindentation of ReB/PTFE samples revealed an interesting resuliFigure 13) .
The control PTFE sampland scanned PTFE had virtually identical bulknodulus, which
indicates that scanning the polymer under the laser does not affect its mechanical
properties. Additionally, when ReB is coated on the PTFE surface, the bulk modulus
increases by about 170%However, this is much lower than the bulk modulus of ReBThe
aspect ratio of the platelets, which are thin relative to their size, might interact with the

pyramid during indentation and not increase the overall hardness of the composite.
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Figure 13. Nanoindendation data for ReB/PTFE. PTFE control has not been modified prior
to testing, PTFE scanned was exposed to 10 passes of@88-nm laser.
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Figure 14.Force displacement curves of RefPTFE dogbone samples. GE and CE3
indicate chemical etchingof the PTFE surface prior to ReBdeposition. CE4 was sanded
prior to deposition, and CE1 was unmodified.
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Figure 15. Adhesion failure stress of ReBPTFE

In addition to modulus testing, we wanted to gain an understanding about how
strongly the ReB coding adheresto the polymer surface. To accomplish thisye
performed a modified pull-off test with a Deben microtester. The PTFE was etched with a
special fluoropolymer etchant to increase the binding strength of the adhesivAsa 200 N
load is applied b the ReB/PTFE sample, a forcestrain curve is obtained(Figure 14) . The
displacement as functon of the force applied givesan accurate measurement of the binding
strength of the coating to the polyme® The untreated ReB has an average failure stress
of 2.5 MPa and does not changettie coatingis done on PTFE that has been prexposed to
the laser. This corroborates thenanoindentation data that showsthat the laser did not
induce any mechanical change in the polymer. However, if the surface of the PTFE is etched
with a fluoropolymer etchant before deposition of ReB, the adhesion strength increasgby
83% (Figure 15) . This result could be due to the loss a$urface fluorine atoms, which
would not enhance surface adhesionAdditionally, image analysis of the sampkafter pull-
off indicates that there arestill some areas of ReBdeposition on the polymer surface. lis

very possible that the pultoff test isonly removing the top portion of the coating and the
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underlying ReB is unaffected. Successive pubiffs might be necessary to determine the

binding affinity of the bottommost layers of ReB.

ConfinedPlume Chemical Deposition of MpBims using800-nm pulsed, tabletop, laser
irradiation

Using the same multilayer assembly, but switching to the precursor Mn(C§BsHs,
yields films of MnB. Although XRD analysis of these films shows the only crystalline
product of this deposition to be MnB (Figure 1 6), the SEM images do not show the same
microscalemorphology (Figure 1 7) as the ReBfilms. Thisobservation could be caused by
the lower melting point of MnBy, which is destroying much of the structure of these

platelets as they form.

Intensity (A.U.)
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Figure 16. XRD pattern ofMnBy/glass, red drop linesindicate pattern of bulk MnB
(PDF#35-0788)
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Figure 17. SEM image of MnBglass

ConfinedPlume Chemical Deposition of ternary phasedReu.xB2 films using800-nm
pulsed, tabletop, laser irradiation

Recently, it has been showthat ternary alloys of group VI transition metal borides
show increased hardness than the representative binary compound8 With this in mind,
we sought to create ternaryalloys by CPCD. When the molecular precursors, Re(GBHs
and Mn(CO)BzHg are codeposited on a glass slide and exposed to femtosecond pulsed
800-nm light, reaction plume formation occurs and a black deposit is seen on the bottom
glass slide. XRD analysiof this film indicates the formation of a solid solution which adopts
the ReB crystal structure (Figure 1 8). Since the covalent radius of manganese (139 pm) is
smaller than that of rhenium (151 pm), a contraction of the lattice is seen, shifting the
diffraction peaks to higher 2 values. Although this structure adopts the ReBunit cell,
SEM analysis is more similar to the MnHilms, with no platelet structures observed, likely

due to a decrease in the melting dat of this ternary phase alloy(Figure 1 9).
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Figure 18. XRD patten of ReMn1.xB2/glass

1

Figure 19. SEM image of n(1-x)Bz/s" )

ConfinedPlume Chemical Deagsition of ZnO films using 2.94m pulsed, tabletop, laser
irradiation

In a similar multilayer assembly to the ReBsystem, ZnO films were deposited on
glass sibstrates from an assembly composed of glass/Z(0OH)s(CQ)2/glass. Reaction
plume formation is evident by a bright white lightemanatingfrom the precursor layer
(Figure 20). After the substrate is scanned through the laser twice, the plume disappears

as the precursor has been exhausted. Removal of the top confining glass reveals a dull
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white coating on the bottom glass substrate. XRD analysis shows that wurtzite type ZnO is
the only crystalline product formed (Figure 21), while SEManalysisshows that thefilm is
actually composed of micronsized particles, and does not form a continuous layé€Figure

22).

" Unfocused 2.94um laser beam

— ZnSe Focusing Lens
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— Electrochemical Mask
T p-Si Substrate

Figure 20. Cartoon depiction of CPCD processing of ZnO films on PSI.
With a rapid process to deposit ZnO films in hand, soligtate photovoltaic devie
construction can be consideredThe conduction band of ZnO lies just below that of the
P700 reaction center in photosystem I. This means that ZnO should be a good conductor of
electrons that are exded by photon adsorption in aphotosystem | layer on pdoped
silicon. This electron can then be donated to an anode material such as indium tin oxide

completing a circuitand generating electrical power(Figure 23)
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Figure 21. XRD pattern of ZnO/PSI composite. The broad peak and two sharp peaks
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Figure 23. Depiction of bandalignment between components of ZnO/PSI solid state

device

140 -
E

& 120 1
5.-100 E
£

‘s 80 A
é 60 -
=

9

£ 20 -
-—

-%

0 T ] T ]
& & < < &
c,\\Q ’\’b"e‘ \'DG’Q '\'b‘-’
& IS o
< g)\Q, AN
N
(_>\

Figure 24. Solid-state photocurrent production of various device architectures.
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To fabricate this device, central experiments are needed to shothat the laser
irradiation does not damage the plotosystem | layer. Exposure of the PSI layer to the
infrared laser under the same conditions a during ZnO deposition resultsn no decrease in
photoactivity of the protein. Applying the ZnO precursor to the protein layer, confiningt
with a glass plateand scanning it through the laser resukin a dull white film of ZnO

directly deposited ontothe protein surface(Figure 2 4).
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The next step indevice fabrication s to ensure that the Znand hasgood
alignment with PSI to ensure acceptance electrons from the P700 reaction center. In this
experiment, two photochemical mediators, methyl viologerfMV2*) and ruthenium (lII)
hexammine (RuHex), were used. While both of these mediators are capable of accepting
electrons from the P700 reaction center, theiband energies are vastly different. Methyl
viologen has a band that is only slightly lower in energy than P700, but is higher than that
of ZnO, which means it cannot accept electrons from ZnO. The band energy oHey] is
much lower than that ofP700 andZnO, which indicates itcan accept electrons from ZnO. As
expected, in a liquid photoelectrochemical cell, the presence of the ZnO layer on PSI tdock
almost all electron flow to methyl viologen and greatly increased the photocurrent of the

Ru(Hex) system(Figure 25).
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Figure 25. Wet cell photoelectrochemical measurements with M3 and Ru(hex}?*
mediators.
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Once the band alignment of the ZnO b#deen determined, we could then move from
a liquid based cell to a soliestate device. A flexible piece of IT@oated PET was placed
over the ZnO film and held in place by a piece of glass and binder clips. The ITO acts as the
final electron acceptor in the cellthereby completing the circuit. Photoelectrochemical
measurements were then taken under solar simulation. fese measurements showed that
a viable solidstate device could be constructed with ZnO deposition occurring on PSI
layers. This method has commercial viability as the device manufacturing from start to
finish only takes about 5 minutes, allowing for the ppduction of many devices in a short
period of time. The resulting device generagsa photocurrent of 21 pA/ cm? (Figure 2 6). To
increase the photocurrent produced, the native insulating SiJayer on the pdoped silicon
can be removed by chemical etchingffording a 5fold increase in photocurrent generation
and external efficiency(Figure 2 7). In addition to their high photocurrent production,
these devices were testd for their longevity by exposing them to long periods of intense
illumination (Figure 2 8) as well as their durablity over a period of two weeks(Figure
29). The activity of the device was not affected by long exposure to sunlight. In a practical
application, direct exposure to sunlight of periods exceeding 8 hours are expected. Devices
with this architecture should be able to perform well under these conditions. The effect of
cycling the devices on and off indicates that the devigeerformance drops to a minimum of

about 70% of the maximum activity.
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Figure 26. i-V curve of unetched sodl-state ZnO/PSI/p-SI device
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Figure 28. Unetched ZnO/PSI/pSi device long term exposure to sunlight
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Figure 29. Durability of unetched ZnO/PSI/p-Si devices over a period of two weeks.
Devices were tested three times each day.

ConfinedPlume Chemical Deposition of CdS films uss0g-nm and 2.34-um pulsed, tabletop,
laser irradiation

In addition to ZnO, other semiconducting materials have applications in
photovoltaic devices. CdS, a diretdtand gap semiconductor, has many applications from

piezoelectric devices to light emittig quantum dots. When theCdS precursor, cadmium (n
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propyl)dithiocarbamate, is exposed to 2.94um light, more rod-like structures are
observed.XRD analysis show&€dSas the magr crystalline product (Figure 30 ). CdSfilms
were deposited ongreen onion tissuesubstrates to further demonstrate the wide variety of

substrates CPCD can be performed ¢Rigure 31).
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Figure 30. XRD pattern of CdS/onion. Red drop lineslicate bulk CdS (PDF#41049).
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Conclusion

In conclusion, CPCD has successfully been performed using tabletop lasers of three
different wavelengths to deposit a variety of materials including RdBB,, ZnO, and CdS.
Additionally, ReB has been deposited on ceramic, polymeric, and biological substrates, showing
the breadth of this deposition technique. Current studesinderway focused on expiay the
adhesion strength of thigeB,/polymer interfaceA solid-statephotovoltaic device centered
around a ZnO film deposited on a PSI substrate has alsgphmsuced.
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Chapter II: Synthesis of Binary and Ternary Alloy Nanoparticles for Fuel Cell
Applications

Introduction
Heterogeneous Catalysis

The fortuitous discovery d metal catalysis of chemical reactions has paved the way
for many important economically relevant industrial processes?!.32 Catalytic processes can
be broken down into two subgroups, homogeneous and heterogeneous. In homogeneous
catalysis, both the catalyst and reactant material are in the sanséate of matter33 The bulk
of homogeneous catalysis involves the use of discrete moldes with a well-defined
mechanism and great selectivity for the chosen reaction. Hydroformylation, the Wacker
Smidt synthesis of acetaldehyde, and some hydrogenations are examples of industrially
relevant processes that use homogeneous cataly$f3> In contrast, heterogeneous
catalysishas the catalyst and reactant in different states of matter. This is mostly realized
with a solid catalyst and a liquid or gaseous reactant. While heterogeneous catalysis has a
problem with defined selectivity, the ease of separation of products from theatalyst
material allows this process to be used in many industrial processé§Examples of
heterogeneous catalyzed reactionsiclude the HaberBosch process, the synthesis of

sulfuric acid, and the synthesis of ethylene oxide.

Since hetepgeneous catalysis is a surfaedriven process, bulk metals soon gave
way to metal nanoparticles which have a higher surface area to volumetia This means
that the specific reactivity of a nanoparticle based catalyst would be higher than an
equivalent mass of the bulk metal. This trend ohcreasing surface areded to the

development of 2D rafts and even catalysts consisting of single matatoms.
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While the use of nanoparticles increases the specific reactivity of the catalyst, single
component catalysts can be poisoned by intermediate species. One good example of this
effectis seen in the oxidation of short chain alcohols and carboxglacids, such as methanol
and formic acid by platinum metal7.38 Carbon monoxide can form during the incomplete
oxidation of these fuels and bind strongly to the platinum surface3® This can be alleviated
by increasing the electrical potentialor temperature of the catalystbut results in a loss of
energy efficiency. It can also be alleviated by the addition of an oxophilic metal in close
proximity to the platinum, such as tin or lead13%42 These metals will adsorb oxygen
species which allow a lowenergy pathway for the carbon monoxide adsorbed on the
platinum atoms to leave as carbon dioxide and reopethe surface for further catalysis. The
incorporation of these metals can be accomplished by introducing adsorbetioms onto the
surface, but the distribution of atoms is hard to controf3 A more controlled method of

incorporating these metals is by the synthesis of a binary alloy.

Polymer Electrolyte Membrane Fuel Cells

The complete oxidation of many small organic acids and alcohols is an interesting
avenue for alternative energy gneration. The energy density of many of these molecules is
lower than that of petroleum; however, they can be considered renewable sources of
energy as we derive them from biological sources such as corn and sugarcaviethanol
has been studied extensivig as an alternative fuel source. Its direct oxidation pathway is as

follows:

8 "Gb "0 20 °© 50 10 10
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While methanol can be oxidized by a number of materials, it has drawbacks that
prevent it from being used in many commercial applications. Among these drawbacks is
the ability for it to cross over the membrane separating the anode and cathode efuel cell.
The membrane materials are charged to conduct protons across them, but a molecule like
methanol, which is neutral at almost all relevant pH values (pKa =15.7), can crasger
through the membrane38 Once it crosses this membrane, it can be reduced at the cathode
and poison the catalyst surface. A better fuel would be one that is charged under operating

conditions so that crassover is not an issue.

Formic acid is another small organic molecule that meets this requirement. Its pKa
is 3.75, which means it is mostly deprotonated under normal operating condition®.45
Additionally, formic acid can typically be used in higher concentrations than other fuels,
greatly increasing its power density. One downde of formic acid is that it freezes at 4 °C,
making it not practical to use in certain situations. Additionally, it has two oxidation
pathways that can be utilized. The direct pathway is the preferred pathway for optimal

operation in a fuel cell:

000 0% v ¢O cQ

Unfortunately, it has an indirect pathway for oxidation as well:
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This indirect pathway requires two metals in clse proximity to be able to remove
the CO intermediate which prevents the catalytic process from proceeding. Platinum, an
otherwise great catalyst for formic acid oxidation, is especially prone to being poisoned by
CO due tostrong surface adsorption.To prevent this indirect pathway from dominating the
catalytic process, another metatan be alloyed with platinum thatallows the direct
pathway to proceed, or to lower the activation energy needed to remove the CO from the
platinum surface. Lead is a good caldate for alloying with platinum as it is very

inexpensive and forms stable phases with platinum.

At the cathode of these fuel cells, oxygen is reduced to water through the use of
another catalyst. Again, while platinum is one of the most active catalydts perform this
reaction, its cost prohibits it for being used in a widespread commercial application. To
alleviate costs of this cathode catalyst, alloys of early period transition metals with carbon,
oxygen and nitrogen are currently being researched.he ability to tune band energy of
these metals to activate the @ bond in oxygen makes them attractive choices for oxygen
reduction catalysts.In other cell designs, this catalyst at the cathode can just be used to
form hydrogen from the protons producedat the anode. Bimetallic alloys of platinum and

other precious metals are the best performing catalysts for this application.

Experimental Methods
Synthesis of PAAuU/GCNF
KoPdChkand HAuUC} (seeTable 1 for specific details) were added to 1.5 L eionized

water (18.2 Mm) and stirred under a N atmosphere for 90 minutes. Meanwhile, 25 mg of
graphitic carbon nanofibers (GCNF) were suspended by sonication in 5 mL methanol and

added to the salt solution and stirred for 2 hours. Then, NaBKsee Table 1) was added to
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the solution dropwise over 10 minutes and stirred for an additional hour. The solution was

then filtered through Whatman Anodisc 47 filter paper and a black alloy composite

PdAuy/GCNF, was collected.

Table 1. Synthetic parameers for the synthesis of P@Au,/GCNF alloys by solution metal

ion reduction

Sample ID Mass kPdChk Mass HAud Mass NaBH
JCB1-40 26.9 mg (0.08 28 mg (0.08 31 mg (0.80
mmol) mmol) mmol)
JCB2-40 39.8 mg (0.12 20.7 mg (0.06 35 mg (0.93
mmol) mmol) mmol)
JCRBR1-37 26.8 mg (0.08 28 mg (0.08 35 mg (0.93
mmol) mmol) mmol)
JCR1-41 108 mg (0.33 28 mg (0.08 156 mg (4.0
mmol) mmol) mmol)
JCB3-41 163 mg (0.50 33.9mg (0.10 56.6 mg (1.5
mmol) mmol) mmol)
JCB4-41 163 mg (0.50 67.9 mg (0.20 47 mg (1.2 mmol)
mmol) mmol)
JCB5-41 159 mg (0.48 207 mg (0.60 103 mg (2.7
mmol) mmol) mmol)

Synthesis of Taanoparticles by sebek®
50 mL cyclohexane, 0.456 ml-lbutanol, 0.623 mL deionized water, and 1.50 mL

Igepal CG630 were added to a 250mL round-bottom flask and let stir for 2 hours. Then, 1
mL Ta(OEt) was added and the solution became turbid after 5 minutes. The solution was
stirred an additional 2 days and most of the solvent was removed by rotary evaporation
and 50 mL ethanol was added. The solution was stirred an additional hour then
centrifuged; a gé was collected and dried in air overnight. A portion of the powder was
reduced under 10% H/ 90% N> at 800 °C for 1 hour. Catalyst samples were characterized

by TEM, XRD, and various electrochemical techniques.
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Synthesis of Taand TaQNy catalysts

The gel from the previous synthesos wasuspended in 5 mL ethanol and dropcast
onto silicon wafers and dried to create a thin film of particles. These films were then
heated under a 50% argon/50% hydrogen atmosphere to temperatures ranging from 560
800 °C for1 hour. Attempts to incorporate nitrogen into the structure were accomplished
by treatment with ammonia instead of argon/hydrogen.After cooling, the now black
particles were scraped from the silicon wafers and characterized by TEM, XRD, and various

eledrochemical techniques.

Synthesis of PtPb/C by solution metal ion reductt®n
H2PtCk.6H-0 or KPtls and Pb(OAc)-3H20 arecodissolved in 1L degassed

methanol under a nitrogen atmosphere and stirred for 1 hour. Then,52mg carbon support
material is added to the salt solution and stirred an additional hour. A large excess of
NaBH: is dissolved in 15 mL degassed methanol and quickly added the salt solution.

After stirring overnight, the solution isfiltered through Whatman Anodisc 47 filter paper,
and a black compositavas collected. This material ixharacterized by TEM, XRD, TGA, ICP

OES, and various electrochemical techniques.

Synthess of [Pt(MeX(SEb)] 247

In a three-neck round bottom flask equipped with a magnetic stirring bar under a
nitrogen atmosphere, PtGI(SEb)2 is dissolved in 15 mL of dry, distilled benzene and cooled
to 0 °C. Thena 2 M solution of methyllithium in diethylether is added dropwise as the color
of the solution changes from yellow to white. The solution is stirred for 1.5 hours, then
guenched with a small amount of chilled deionized water. The solution is then extied
with portions of dichloromethane and the organic fractions are collected and dried. The
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resulting white solid is then recrystallized from benzene and dichloromethane to yield

white crystals of [Pt(Me)(SEb)]2.

Synthesis of Pt(Mefbpy)

In a three neck round bottom flask equipped with a magnetic stirring bar under a nitrogen
atmosphere, [Pt(Me}(SEb)]2is dissolved in dry, distilled benzene, and heated to 61C.

Then, solid 2,2bipyridyl (bpy) is added to the solution which results in an immediate olor
change to dark red. The solution is stirred for 5 minutes, then the solvent is removed by

rotary evaporation to yield Pt(Me)(bpy).

Synthesis of Pt(Mejbpy)(PbPhCI)(Cly8

In a three neck roundbottom flask equipped with a magnetic stirring bar under a
nitrogen atmosphere, Pt(Me)(bpy) is dissolved in dry tetrahydrofuran. This solution must
have exposure to natural sunlight. Then, solid dichlorodiphenyllead is added and the
solution turns from orange to yellow over the course of five minutes. The solvent is
removed by rotary evaporation and the product is recrystallized from dichloromethane

and benzene to yield yellow crystals of Pt(Mejbpy)(PbPh.ClI)(CI).

Synthesis of Pt(MejPh.Me-Phen)

In a three neck round bottom flask equipped with a magnetic stirring bar under a
nitrogen atmosphere, [Pt(Me}(SEb)]2is dissolved in dry, distilled benzene, and heated to
60 °C. Then, solid 2, @limethyl-4,7-diphenyl-1,10-phenanthroline (Ph.Me>Phen) is added
to the solution which results in an immediate color change to orange. The solution is
stirred for 5 minutes, then the solvent is removed by rotary evaporation to yield

Pt(Me)2(PhzMezPhen).
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Synthesis of Pt(MejPh.MePhen)(PbPhCI)(CI)

In a three neck roundbottom flask equipped with a magnetic stirring bar under a
nitrogen atmosphere, Pt(Me)(PhoMe>Phen) is dissolved in dry tetrahydrofuran. This
solution must have exposure to natural sunlight. Then, solid dichlorodiphenyllead is added
and the solution turnsfrom orange to yellow over the course of five minutes. The solvent is
removed by rotary evaporation and the product is recrystallized from dichloromethane

and benzene to yield yellow crystals of Pt(MejPh.Me-Phen)(PbPhCI)(CI).

Synthesis of PbPt/€@om single-source precursort(Me)(Ph-MexPhen)(PbPhCI)(Cl)

The sngle-source precursors are dissolved in 15 mL chloroform and stirred for 30
minutes. Then, 25 mg of carbon support material are added to the solution and stirred an
additional 30 minutes. The solvent is removed under vacuum, and the black composite is
resuspended in 5 mL pentane by sonication. The black suspension is then dropcast onto
silicon wafers and dried. The silicon wafesare placed in a tube furnace under a 10%
hydrogen/90% nitrog en atmosphere and heated to 550C and held for 1 hour. After
cooling, the composite powders are scraped from the silicon wafers and characterized by

XRD, TEM, TGA, IGBES, and various electrochemical techniques.

ElectrochemicalAnalysisof PbPt/C sample

Catalyst inks are prepared by suspending 5 mg catalyst nanocomposite in 4 mL DI
water, 1 mL isopropanol, and 5QuL Nafion. This suspension is sonicated for 10 minutes,
and a 10pL drop is placed directly on a freshly cleaned and polished glassy carbon rkimg
electrode and dried. Cyclic voltammograms are collected on a CHI660A potentiostat in
either 0.5 M BSQ or HCIQ with a platinum counter electrode and an Ag/AgCI (3 M KCI)
reference electrode. Electrochemicalwgface area is determined by hydrogen adorption
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onto platinum, or by carbon monoxide stripping. Carbon monoxide is bubbled into the
acidic solution for 10 minutes while the working electrode is held at 0.1 V (vs. Ag/AgCl).
The electrode is then scanned from 0.2 1.0 V and the peak area is detmined to calculate

the surface area of Pt sites on the catalyst.

Additional cyclic voltammograms are collected in solutions containing 0.5 M HCOOH
in 0.1 M BSQ. Rotating disk electrode-t curves are collected at 1000 rpm in solutions of

either 0.5 M or10 MHCOOH in 0.1 M#$Q over a period of 10 minutes.

Results and Discussion
PdAuU/GCNF Composite Catalysts

At the cathode of a proton exchange membrane fuel cell, the protons that have
crossed the electrolyte membrane are reduced to hydrogen. Typicallylatinum has been
one of the highest performing catalysts for hydrogen production, but is expensive. To
lower the cost of platinum based catalysts, platinum can be alloyed with a base metal which
can increase the overall activity while decreasing the sb. Alternatively, less expensive

metals can be alloyed together to achieve activities close to or exceeding that of platinum.

When synthesizing nanoparticle alloys, it is quite common to use surfactants to help
control particle size and morphologyhowever, when these nanoparticles are to be used for
catalytic processes, this surfactant can interfere and retard the catalytic pathway.
Developing synthesis strategies that can form nanoparticgawithout the use of surfactants

is important for the catalysis field.

The palladium-gold binary system does not have any ordered alloys that are stable

at room temperature. Instead, when these two metals are alloyed, they form a solid
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solution. In a solid solution, the atom are randomly distributed throughout the unit ell.
Since both palladium and gold adopt a face centered cubic unit cell, so too does the solid
solution. Palladium and gold have different atomic radii, 137 and 144 pm respectively, so
the amount of each metal in an alloy can be determidédy the xray diffraction pattern

OOET ¢ 6ACAOAB8O 1 Axh

where anis the d-spacing of constituent A, ais the d-spacing of constituent B and x is the
atomic percent of constituent B6 ACAOAS8 O |1 Ax -sparihdohasoliddolaton OEA A

reflection is a weightal average of the constituent atond-spacing of the same reflection.

A number of alloy compositions along the solid solution of RdAu/GCNF were
synthesized by the solution metal ion reduction of KPdCkand HAuC} in water by sodium
borohydride followed by the addition of GCNF support and subsequent filtratio’XRD
analysis of these nanocompositeshows that the PdAu alloy is the only crystalline product
formed (Figure 1).From the broad peaks seen in the diffraction pattern, the average

particle size canbe calculated from the Scherrer equation:

T o
F AT-O

where the particle size in angstromsZ) is dependent on the angle of the reflectionf (), full
width at half max of the peak (), as well as the wavelength of the-rkay source ) and a
structure factor (k) dependent on the particle shape, which for spherical particles is 0.9. As
particle size decreases, the number of unit cells in the crystal also decreases. When the

number of unit cells is small enough, diffracted xays that do notobey Br& C6 O | Ax Al
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have another xray completely out of phase to cause destructive interference. Therefore

ET OOAAA 1T £ OAAET ¢ UAOI ET OAT OEOU xEAOA " OAGCCH
intensity is observed. On a diffraction pattern, this isloserved as broad peaks. Other

factors that can influence the determination of particle size include the shape of the

particles, intraparticle strain, as well as instrumental broadeningTEM analysis of these

alloys show spherical nanoparticles well dispered across the carbon surface@-igures 2 -

9). A summary of particle sizes is seen ifable 2.
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Figure 1. XRD patterns of various PdAu/C stoichiometries. Dashed lines indicatee
pattern of bulk palladium (PDF#461043), while dotted lines indicatethe pattern of gold
(PDF#04-784)
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Table 2. Summary of stoichiometry and patrticle size of each PdAu/C alloy composite.

Sample Molar ratio Au:Pd | 3AEAOOA OGS | Histogram particle
Particle size (nm) size (nm)
JCB1-37 1.78 _ 6.35£2.5
jCB-1-40 3.39 149+ 2 6.36x 1.9
JCB2-40 2.31 6.18+ 1.2 12.08x 3.7
JCB4-40 0.85 8.00+1.8 7.88+2.2
JCB4-41 2.67 147+ 3 448+ 1.2
JCB5-41 0.38 6.07+ 1.3 44014
JCB3-41 1.00 84714 8.02+ 2.3
JCB1-41 0.51 8.20x15 8.44+1.8

Electrochemical Analysis of PdAu/C

Cyclic voltammetry is a widely used electrochemical technique that is useful for
measuring theconsumption of an analyte in solution. In a typicahree-electrode setup,
current is measured at the working electrale, where oxidations and reductions are taking

place in comparison to a voltage applied against a reference electrode.

For the PdAu system, the composite powders are sonicated in a mixture of water,
isopropanol and Nafion to create a catalyst ink which iapplied directly onto the surface of
a glassy carbon electrode. This ink mixture allows the catalyst to remain in good electrical
contact with the surface and not wash off during the experiment. Since we are interested in
the hydrogen evolution of these ctalyst materials, the analyte in this case isulfuric acid.
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Cyclic voltammograms of PdAu/C alloys in general show two distinct features. First,
is the evidence of hydrogen evolution at palladium atomseen right around 0 V (vs.

vg/AgCl), the second featue is seen around 0.55 V (vs. Ag/AgCI) whichiisduction of

surface palladium atoms
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Figure 10. CV scans of PdAu/C catalysts

From the CV studies, JCB-41 and JCBL-41 were the most active catalysts for
hydrogen evolution, but there is no correlation béwveen the stoichiometry of these alloys
and their performance. Additionally, since particle size was uniform across all samples, the

surface area of the catalysts should not féar into the performance issues(Figure 10).
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Tantalum-based catalysts

Solgel chemistry can be used to make nanoparticles of many metal oxides. In-gml
processing, a metal alkoxide is dissolved in an organic solvent with a long chain surfactant
that will create micelles. Since the alkoxides are soluble in both organic and aqueous
solvents, they can travel into and out of the micelles the surfactant fornt8 A small amount
of water is then added, along with an acidic ordsic catalyst, and the alkoxide slowly
hydrolyzes to create a metal oxide network inside of the micelle. After washing and

centrifugation, a gel of the metal oxide network can be obtained.

At the cathode in a fuel cell, oxygen is usually reduced to watesing platinum metal
catalysts. However, platinum is expensive and cheaper materials are sought to perform this
process. Early transition metal alloys of oxygen, nitrogen anchrbon have been studied for

the oxygen reduction reactionas they have partiallyfilled d-orbitals that can activate Q.

For the synthesis of Ta@gels, tantalum (v) ethoxide was hydrolyzed in the presence
of ammonium hydroxide in cyclohexane. The slow hydrolysis was evident as the solution
became opaque over the case of two days. One isolatal, the sample was divided into two
parts, one was heated under a reducing atmosphere (Figure X) aad attempt was made to
incorporate nitrogen into the gel by treatment with ammonia at elevated temperatures.
This resulted in the formation of tartalum nitride (Figure 11). XRD analysis of the
reducing atmosphere treated sample shows the only phase present to be {Ta ®hich is a
suboxide between the phases of Ta@nd TaOs, which indicates that there are some
partially filled d-orbitals in this sample. The ammonia treated powder has completely

converted to TaNs, which is a @ material. Attempts to perform oxygen reduction with
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these catalysts were unsuccessful, as the materials had no ORR actiBingle-source
precursor design is a challengingtep in the development of an alloy by thermal reduction.
Not only does the molecule need to contain both metal species, the extraneous ligands must
not decompose to form stable phases with these metals. While there are many molecules
that contain a leadplatinum bond, a large majority of these molecules contain phosphine
ligands, which will thermally decompose to form P{P phases. To remove the possibility of
this impurity forming, substitutions from phosphine ligands to nitrogen based ligands, such
as bpyridine and anthracene derivatives were chosen, abere are no known stable PN

or Pb-N phases.
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Figure 11. (left) XRD pattern of TaQsol-gel heat treated at 800 °C under 10% # Red lines
indicate bulk {Ta O} (PDF#191299). (right) XRD pattern of T&x sol-gel treated with
ammonia at 800 °C. Red lines indicate bulk 3l&s (PDF#19-1291)

PtPb/C Composite Catalysts

Carbon supported bimetallic alloys of platinum and lead were synthesized by two
methods. The first method, solutioametal ion reduction, is acomplished by the reduction
of a methanolic solution of lead and platinum salts. The legalatinum phase diagram

shows that there are three stable alloy compositiosy PtPb:, P&Pb: and PtPbs. Therefore
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the stoichiometry of the precursor salts is verymportant to ensure the successful

synthesis of the desired composition. Due to the large difference in reduction potentials of
these metals (P#->Pt01.18 V vs. SHE, Pb>PlPX -0.12 V vs. SHE), is thought that

reduction of these metal ions would resulin reduction of platinum, followed by reduction

of lead to achieve nanopatrticles of both metals. To ensure-ceduction into a bimetallic

alloy, a sufficiently strong reducing agent must be used. Previous work done by the DiSalvo
group at Cornell showed hat reduction of these salts with either NaBklor sodium
naphthalenidewould result in alloy formation, however no attempts were maddy themto

deposit this alloy onto a carbon support.

The second method, and the more novel approach, is accomplished bg thermal
reduction of a singlesource precursor containing both lead and platinum. Since the overall
stoichiometry of the precursor is 1:1, there exists only one stable alloy of which to form.
Previous work in the Lukehart lab has focused on the preparatn of a number of

nanoparticles of bimetallic alloys from these types of precursor®

The use of carbon supports solves multiple issues in electrocatalysis. Firstly, paléic
nucleation can occur on the surface of the carbon support, preventing the formation of
large particles. Secondly, the carbon support increases the conductivity of these composite
samples, allowing for greater performance in devices. Specifically, graphicarbon
nanofibers have showrnto produce a large increase in the performance of PRu, alloy

materials.

GCNFs are grown from the reduction of carbon monoxide over an iron nickel

catalyst supported on fused silica. After growth, the catalyst material removed by
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washing with hydrofluoric acid and the fibers are cut using an ultrasonicator. This results

in nanofibers with a length of roughly 1200nm and a width of 1325 nm.

Initial attempts to replicate the work of the DiSalvo group were unsuccessfél.>2
The coreduction of a methanolic solution of hexachloroplatinic acid and lead acetate in the
presence of a GCNF support material resulted in the production of Pt/GCNF
nanocomposites and contained a large amount of partiallyxadized lead speciesbut no

ordered alloy product formation was observed.

Since the platinum salt was preferentially reduced, other platinum precursors were
studied to determine if a slight increase in the reduction potential could drive the
formation of alloy nanoparticles. Switching the platinum precursor to KPtls, which should
have increased electron density on the platinum metal center due to pi back bonding of the
iodide ligands, results in the successful formation of ordered PtPb/GCNF nanocomposite

materials.

XRD analysis of these nanocomposite shows that the PbPt alloy is the only
crystalline product formed (Figure 12) .3 AEAOOAO0OG O AT A1 UOGEO 1T £ OEEO
an average particle size of aroun8.94 nm, which is in agreement with a histogam plot
from the TEM data on this sample which shows the average sizebe 5.39 nm. The
agreement of these two measurements indicates that there are no large particles present in
the sample. The metaloading of this sample is determined by temperature psggrammed
oxidation under a carbon dioxide atmosphere. When these nanocomposites are heated
under CQ, the metal atoms are undisturbed, but the carbon support is oxidized. TPO

studies show the metal loading of this sample to be around 60 weight @eigure 13 ).
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Additionally, the stoichiometry of the metals present can be determined by ICRES. The
nanocomposite is burned in air toremove thecarbon support, then digested in hot nitric

acid to dissolve the lead, followed by treatment with hot aqua regia to dietve the

platinum. ICROES results indicate that the sampleontained 50.7 % Pt and 49.3% Pb, close
to that of the desired 1:1 alloy. The TEM data also shows good particle dispersity across the

carbon surface(Figure 14).
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Figure 12. XRD patterns of PtPHC samples synthesized by solution metal ion
reduction. (left) JCB2-15-4, (right) KCR1-23. Red drop lines indicate bulk PtPb (PDF#06
0734)
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Figure 13. Temperature programmed oxidation of JCR-15-4 under carbon dioxide

atmosphere

Figure 14, TEM images of solution metal ion reduction PtPb/C samples. (Ift) JGIB15:4,
(right) KCP-1-23

Single-source precursor design is a challenging step in the development of an alloy
by thermal reduction. Not only does the molecule need to contain both metal specibsit
the extraneous ligands must also not decompose to form stable phases with these metals.
While there are many molecules that contain a leagdlatinum bond, a large majority of

these molecules contain phosphine ligands, which will thermally decompose tortn Pt-P
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phases. To remove the possibility of this impurity forming, substitutions from phosphine
ligands to nitrogen based ligands, such as bipyridine and anthracene derivatives, were

chosen, as there are no known stable 4 or PbN phases.

The synthesisof the singlesource precursor begins with the reaction of PtG(SEb)>
with excess CHLI. The methyl group exchanges with the chloride to form the dimeric
species [Pt(CH)2(SEb)]2. The isolated [Pt(CH)2(SEb)]- then reacts with two equivalents of
Ph.Me>Phen which displaces the Sktigands to yield Pt(CH)2(Ph.Me2Phen), a reddish
orange molecule. This molecule is then dissolved in THF and solid PbEhis added, which
results in oxidative addition across a PXCl bond to form the singlesource precursor
Pt(CHs)2(PhoMexPhen)(PbPRCI)CI. Interestingly, the oxidative addition reaction only
occurs in ample sunlightsuggesting it may be a radicatiriven mechanism. Another single
source precursor, in which the PBMe-Phen was replaced with bipy was also syntlszed,
but is not stable in any solvent it is soluble in, therefore it was not used to create a PbPt/C

catalyst sample.

To obtain a nanocomposite from the thermal reduction of a singlsource(SS)
molecular precursor, a carbon support is impregnated withthe precursor molecule, dried,
and resuspended in a solvent the precursor is not soluble in. This suspension is then
deposited on a silicon wafer to ensure that no sintering of the particles occurs during

decomposition (Figure 15) .
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Figure 15. Cartoon depiction of the synthesis of PtPb/C comgsites by reduction of
a single-source molecular precursor

XRD analysis of this PtPb/C nanocomposite indicates the formation of PtPb as the
major crystalline product (Figure 16) . Although the peak broadening is not asfenounced
AO ET OEA O11 0606ETT 1 AOAI EITT OAAOGAOQCEIT OAIDPIA
on particle size less than 10 nm. TEM images confirm the presence of particles with an
average sizeof 20 nm, supported on a carbon surface. Additionajl, on particle EDS analysis
confirms the stoichiometry of these particles to be close to 1:1, indicating that the
reduction of the singlesource molecular precursor is successful and contains no other

elements(Figure 17) .

59



Intensity (A.U.)

Ul
| |

T T T
20 30 40 50 60 70 80

2 0 (degrees)

Figure 16 . XRD pattern of PtPHC synthesized from a singlesource molecular precursor.
Red drop lines indicate bulk PtPb (PDF#0®734)

Particle 1 Particle 2 Particle 3 Particle4 Particle5 Particle6 Overall
Platinum atomic%  47.45 48.99 50.77 46.93 47.19 48.24 46.02
Lead atomic % 52.55 51.01 49.23 53.07 52.81 51.76 53.98

Figure 17. TEM images of S®tPb/C. On particle EDS confirms stoichiometry of material
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Current, mAfem?

Electrochemical Analysisof PbPt/C nanocomposites

Electrochemical analysis of catalysts synthesized from solution metal ion reduction
showed interesting results. Sample JGB-15-4, of which XRD, TEM and ICBES analysis
showed had great speciation towards PtPb alloy, did not perform well. The cyclic
voltammetry experiments showed almost no hydrogen adsorption, indicating that the
surface does not contain a large amount of platinum atoms. Conversely, sample KICE3
which is lead rich and contains an unknown species by XRerformed quite well (Figure
18) . Hydrogen adsorption is evident on the surface of this catalyst. Additionally, rotating
disk experiments in formic acid showed that KCR-23 had a lower onset for formic acid
oxidation, almost 0.05 V lower than JGRB-15-4. It is possible that the presence of mer
lead on the surface of JGB-15-4 blocks catalytically active platinum sites from oxidizing
the fuel. Another possibility is that the unknown XRD phase is catalytically active for
formic acid oxidation and is the active species in KER23. Although KCP1-23 was active

for formic acid oxidation, the activity is quite low in comparison to other PtPb samples, so

other synthetic routes were explored.

0.1 M HCIO,, 20 mV/sec

——KCP-1-23-1

---JCB-2-15-4

o’

—

Current, mAfcm®

--- JCB-2-15-4
ind —ICB-2-15-5 T
--- KCP-1-24-1 0 | — T e mmmrn

—KCP-1-23-1

Potential,Vvs. RHE Paotential, V ve. RHE

Figure 18. Electrochemical analysis of SMIR PtPb/C. (left) CV scans in 0.1 M HCIO
(right) RDE scans at 0.% (vs. RHE)
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A sample was synthesized from a singlsource precursor and analyzed for its

ability to oxidize formic acid. The CV scan, taken in sulfuric acid, is very promisitigigure

19). Hydrogen adsorption is evident, indicating the presence of plaium on the surface of

the catalyst, while the oxidation of platinum at B V (vs. Ag/AgCI) is also seen. When

performing the same experiment in 0.5 M formic acid, therset potential of oxidation is-

0.1V (vs. Ag/AgCl). Additionally, a second oxidation p& is seen on the reverse scan. This

indicates that while some platinum is incompletely oxidizing formic acid, the adjacent lead

atoms are participating in the successive oxidation of carbon monoxide to carbon dioxide,

re-opening the platinum sites for caalysis. With this promising result, rotating disk

electrode studies were pursued to determine the stability of this catalyst.
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Figure 19. Electrochemical analysis of S®tPb/C. (left) CV in 0.1 M &BQ. (right) CV in 0.5

M formic acid

Amperometric curveswere taken under the same conditions as the CV scans, with the

voltage held at 0.2 V (vs. Ag/AgClat this overpotential, the rate of formic acid oxidation is

exponentially higher than at the onset potential at the cost of some efficiency of the device.

Initial current values were around-140 mA/mg metal, which is quite good relative to other
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Figure 20. Successive RDE studies on $8Pb/C. After new fuel was added, initial current
returned to original value showing no degradation of catalyst material

PtPb catalystgFigure 20). However, the current dropped 50% within the first 10 minutes,
and proceeded to drop over the course of several hours. After 3.5 hours, the current had
dropped to around 10mA/mg metal. When the fuel wasreplaced, and the study ontinued,
current values were again around140 mA/mg metal. This indicates one of two possible
outcomes. Firstly, the catalyst is consuming fuel rapidly, and the drop in current is due to
the lack of fuel present in the system. Secondly, the carbon diogifbrmed at the surface of
the catalyst is not able to leave and becomes trapped on the surface, which would lead to a
decrease in catalysis.

Conclusion
A range of compaitions of PdAu/C catalysts wagrepared by solution-metal ion reduction
for their ability to generate hydrogen in combination with a direct methanol fuel cell. While
some catalysts showed good activity for the production of hydrogen, no correlation to
catalytic activity and composition could be discerned. In future samples, XPS of the sud
could elucidate more information about the arrangement of metal atoms on the surface of

these catalysts.
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Additionally, alloys of tantalum, oxygen and nitrogen were studied for their ability to
catalyze the oxygen reduction reaction. While several sartgs were synthesized in
between the range of TaOsand TaNs, no samples showed ORR activity. The incorporation
of carbon could be required for the ORR activity seen in other transition metal materials .
With the current synthetic method, the use o graphite tube furnace capable of reaching
temperatures in excess of 1500 °C might be required for carbon incorporation.

Lastly, PtPb/C catalysts for formic acid oxidation were synthesized by solutiemetal ion
reduction andthe thermal reduction of a singlesource molecular precursor. Solutionmetal
ion reduction samples had an impurity as seen by XRD data, the composition of which has
not been discerned. These samples, in general, had low activity for formic acid oxidation.
The samples synthesized by thermakduction of a singlesource precursor, however, show
good speciation as seen in XRD data, and are catalytically active for formic acid oxidation.
The longevity of these catalysts, as well as their durability to higher concentrations of

formic acid, are siil being investigated.
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Chapter IlI: Quantitative X -ray Diffraction of Clay Minerals of the Brahmaputra River
Delta
Introduction
X-ray Diffraction
X-ray diffraction is a powerful analytical tool for the rapid identification of organic and
inorganic materials and compounds. Xay diffraction works by applying a large
accelerating voltage across a sharp tungsten filament. This ejects electrons from the
filament which travel towards the target of the xray tube, generally copper or
molybdenum metal When the electron hits this target material, 99% of the collisions result
in thermal relaxation. The other 1 % of collisions results in the ejection of an electron from
the shell of the target material. As a higher energy electron fills in this hole, array is
generated. These electrons are then collimated through small slits and diffract off the
AT AAOOI T AAT OEOU T &£ AOT I O ET OEA OAIBPIA T AOAO
¢ _ ¢QOE+
Wheren is an integer} is the wavelength of the xray, d is the interatomic spacing of the
AOT 1T 6 ET OEA 1 AOCAOEAI h ATA | EO OEA Al ci A AAO
is met, the diffracted xray is constructively interfered with and a signal is seen at the
AAOAAOI 08 7EAT " OACCOG Orays &ededfraativélyi inderfdredl with A E £Z£O0A
and no signal is recorded.
Identification of materials is the most widely usedpplication of x-ray diffraction. As the
interato mic spacing of atoms is dependent on the atoms identity, as well as the space group
of the material, most XRD patterns are unique to a given material. Quantification of

materials is also possible using XRD, but is not as widely used.
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Quantification is mog easily accomplished with the use of an internal standard. A specific
amount of an internal standard is added to the sample of interest and the peak areas are
compared against a calibration curve of a known quantity of both materials. The best
choice foran internal standard is a highly crystalline material with a weHldefined particle
size and no peak overlap with the material of interest.

Weathering of Clay Minerals

#1 AU T ET AOAT O AOA Al AOOAT OEAl DPAOO ime OEA
history and environment of the geologic areas they are found in. The identification of
different clay minerals in soil is essential to agricultureor the determination the amount of
moisture the soil will hold, and whetherthere are anynatural fertili zers in the field. Clay
mineralogy is also important in many engineering fields as the types of clay present in an
area can determine whether or not that piece of land is suitable for the construction of
buildings.

Additionally, the weathering of clays ca give us informationabout the history of the area
they were found in. As clays are exposed to moisture and oxygen from the ambient
environment, they can weather and erode into otheclay minerals. The presence dack of
these minerals gives informationon when the areas at the depth of the clays werkast
present on the surfacgFigure 1). This is important in reconstructing the geologic
landscape of a region after a major event such as an earthquake or flood occurs.

Experimental Methods
Collection of 8diment Samples
Boreholes were drilled along the apex of the fluvial fan of the Bengal River Delta and

assigned a five digit sample ID, BNGAXXX@@, where XXX indicates the distance from the

66

%A



fluvial fan in kilometers and @9 indicates the depth of the boret® samples in meters.
These sediment samples were then subivided into smaller sets based on surface
weighted particle diameters, of which the fraction with diameters < 62.5 ym were selected
for x-ray diffraction measurements.
Preparation of mud samples

Selected sediment samples were wet sieved from a solution of sath
hexametaphosphate through a 2.5 um sieve. Particles below this size are considered to be
clay minerals.
X-ray Diffraction

X-ray diffraction patterns were collected on a Scintag-4 Powder X-ray
Diffractometer equipped with a copper target and a Peltier cooled solidtate detector.The
powders were analyzed for the semiquantification of four minerals [illite, smectite,
chlorite and kaolinite], as well as the presence of goethite. Threaayses were conducted,;
the powders were first scanned without any modification, then they were placed onto
watch glasses into a bell jar with an open beaker of ethylene glycol at 60 °C for 3 days to
saturate the powders with ethylene glycol (glycolated saples) to resolve smectite and
illite, and lastly the powderswere heated in a tube furnace at 500 °C in open atmosphere to
remove the presence of kaolinite and quantitate chlorite. The presence of goethite was
analyzed by overlaying PDF#29713 [goethite FeO(OH)].
Semiquantification of clay minerals

Semiquantification was determined using a previously described method, which is

based on relative peak areas of the four minerals. Peak areas were determined using
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CasaXPSoftware. A ratio of quartz:clay wasalso determined using a zinc oxide internal
standard that was referenced against a calibration curve of zinc oxide and quartz powders.
Results and Discussion
Clay minerals were analyzed for smectite (5.2 [ Qh Ed 1[/ECQN A EraIOE OA
[ q hdkaoknite (12.3°¢  jwididh are identified by thed-spacing of their most intense
reflection. As smectite and illite share a reflection, quantification of these minerals requires
some way to separate them. Smectite is known as a swelling clay, whichans that when
exposed to solvent, the solvent molecules are able to intercalate the layers of this clay
material, thereby increasingthe d-spacing of these layers. lllite does not swell in the

presence of these solvents.

mAl,O,

Smectite N lllite

Muscovite

Plagioclase K-feldspar

.
Average Granite

Average Gabbro
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mCaO+mNa,O mK,0

Figure 1. Weathering diagram of chy minerals
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Figure 2. XRD pattern of BNGA00811, indicating the presence of illite, smectite and
chlorite
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Figure 3. Map of borehole locations of sediment samples along transect A.
Additionally, kaolinite and chlorite also share a reflection, ad they must also be
separated.Kaolinite is unstable in air above 350 °C, so heating a sample above this
temperature would result in no kaolinite being pesent, so all diffraction intensityat 12.3 °
¢ J EO AOA O1 AEIT OEOA8 1 OdslisséehAivdn@dmpleDR] UOEO
pattern (Figure 2). In additional the qualitative analysis, these clay minerals can also be
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semi-quantitatively analyzed in reference to themselves. Since these sediments were
sieved below 2 um, clay minerals are the only spes present.Comparison of peak areas
results in the semtquantitative analysis found in Appendix A, along with all representative
XRD patterns.

Quantification of clay:quartz ratios is easily determined with the use of an internal
standard. Zinc oxide isan abundant materialwell-suited to be used in quantitative analysis.
First, a calibration curve was constructed with known ratioof zinc oxide to quartz powder
compared againsthe ratio of their peak areasThis calibration curve is then used to
determine the mass of quartz present in a sample after the addition of zinc oxide to that
sample. Quartz:clay ratios are seen iAppendix A

From theseaccumulated data, three areas of distinct clay minerology can be
determined (Figure 3) . Zone | encompasses thBogra Terrace, Jamulpur Terrace and
Sherpur Remnant, and is characterized by the presence of almost entirely illite in the clay
sediments. Feldspar minerals in this zone are transforming into silicate materials like illite.
This area in not currently accunulating sediment, and the sediment present is not being
weathered. It can be charactezed as a dry, elevatd zone.Zone Il encompasses the Dauki
Foredeep. In this zone, sedimernis slowly accumulating at the rate of 1 cm/year and is
being uplifting by the underlying Dauki fault. Lastly, zone Ill, which encompasses the
Brahmaputra braidbelt, is in active accretion, with a large influx of sediment and
subsequent weathering due to the flow of water through the delta region.

Conclusion
In conclusion, quanttative XRD analysis of several clay samples from the Bengal

River Delta has been accomplished through the use of an internal standard, zinc oxide.
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Additionally, qualitative analysis of goethite, illite, smectite, chlorite, and kaolinite has been
accomplished through the use of glycolation and calcination to achieve separation between

two minerals which have overlapping XRD reflections.
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Appendix A. X-ray Diffraction Patterns of Clay Minerals from the Upper Bengal Basin.
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