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Abstract

With constantly increasing demand for lightweight power sources, electrode architectures
that eliminate the need for conductive and organic additives will increase mass specific energy
and power densities. The increased demand for lightweight power is coupled with increasing
device miniaturization. As the scale of devices decreases, current battery technologies add mass
on the same scale as the device itself. A dual functional electro-mechanical material that serves
as both the device structural material and the power source would dramatically improve device
integration and range for powered movement.

To address the demand for lightweight power with the objective of a dual functional
electro-mechanical material, the M13 bacteriophage was used to create novel 3-dimensional
nano-architectures. To synthesize 3-dimensional nanowire scaffolds, the M 13 virus is covalently
linked into a hydrogel that serves as a 3-dimensional bio-template for the mineralization of
copper and nickel nanowires. Control of nanowire diameter, scaffold porosity, and film
thickness is demonstrated. The nanowire scaffolds are found to be highly conductive and can be
synthesized as free-standing films.

To demonstrate the viability of the 3-dimensional nanowire networks for electrical
energy storage, copper nanowires were galvanically displaced to a mixed phase copper-tin
system. These tin based anodes were used for lithium rechargeable batteries and demonstrated a
high storage capacity per square area and stable cycling approaching 100 cycles.

To determine the viability of the 3-dimensional nanowire networks as dual functional
electro-mechanical materials and the mechanical stability of processing intermediates, phage
hydrogels, aerogels, and metal nanowire networks were examined with nano-indentation. The
elastic moduli of the metal networks are in the range of open cell metal foams

The demonstration of 3-dimensional virus-templated metal nanowire networks as
electrically conductive and mechanically robust should facilitate their implementation across a
broad array of device applications to include photovoltaics, catalysis, electrochromics, and fuel
cells.
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Thesis Committee: Professor Douglas A. Lauffenbuger, Professor Donald R. Sadoway
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1.1 Background and Significance

The demand for electrical energy storage is ubiquitous and ever increasing with new
devices introduced almost daily. The micro to industrial scale dimensions of these devices
comes with a commensurate scale of electrical energy storage requirements. Lithium
rechargeable batteries have emerged as a high energy density means to address a wide range of
this demand, but the increase of battery storage capacity has not increased at a rate similar to
other technologies such as transistor density in the computer industry.! The numerous battery
design parameters, many of which work at cross purposes, create a field that is both challenging
and open to novel approaches. Many of these challenges are more pronounced for small scale
batteries.” In addition to the demands of material handling and processing conditions, specific
capacity at this scale suffers from the addition of conductive matrices and organic binders.’
Micro to macro scale battery assembly approaches that do not require these additional materials
would present a significant advantage in specific storage capacity. Recent work in microbatteries
indicates a 10 fold capacity advantage for 3D compared to 2D electrode architectures. These
architectures involve nanorods grown perpendicularly to the current collector, providing an
advantage for increased capacity, lower electrode resistance, benign reaction conditions, and
fewer assembly steps compared to solid state thin film and micro-batteries. Thin film and micro-
battery capacity increases would benefit the powering of micro-electromechanical systems
(MEMS) devices and microelectronic circuits for greater periods of time than currently

available .’
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1.2 Biotemplating Overview

While at first biological systems may not have appeared as a route to solve the challenges
of traditionally inorganic materials, they have emerged as a means to nucleate, synthesize and
organize a broad array of materials at the nanoscale.®’ Biological soft templates provide a wide
diversity of architectures on which to build inorganic structures. Where these natural systems
developed over an evolutionary time scale, genetic manipulation enables the rapid development
of biological organisms assayed against conditions they do not normally encounter in nature.®
This creates a nearly endless combination of possibilities for nanomaterials development and
manipulation.

M13 filamentous bacteriophage. The MI13 filamentous bacteriophage offers a
genetically tunable platform to engineer binding specificities that facilitate the synthesis of
specific inorganic material crystal structures and assembly into increasingly complex
architectures. The M13 virus is a 880nm long particle with a 6.5nm diameter. The nearly
micron long capsid is axially covered with 2,700 copies of the pVIII (p8) protein, with five
copies of the pIII (p3) and pVI (p6) proteins each at the proximal end of the phage and roughly
five copies each of the pVII (p7) and pIX (p9) proteins forming a blunt distal end.” In principle
all five surface exposed proteins are genetically modifiable, with p3, p8, and p9 being the most
solvent exposed. The filamentous phage can be successively exposed to a target substrate and
enriched for high affinity sequences for the desired protein in a process known as phage display
or biopanning.m Rationally designed sequences may also be achieved via site directed
mutagenesis and gene insertions.

M13 E3/4 bacteriophage. Predictive design led to a tetraglutamate fusion to the N-

terminus of the p8 capsid protein, providing four carboxylic acid residues to electrostatically
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bind cations in solution.!" This E4 clone offers the versatility of facile binding of metal cations
and the tunability of surface charge via pH. The functional carboxylic acid group on glutamate
residues has a pK, of 4.3.'% Zeta potential testing of the E4 clone revealed an isolelectric point of
4.3." When tyrosine is mutated to mehtionine at the 21° position on the p8 protein, the E3 virus
can increase its persistence length by a factor of 5.'* In this work this clone will be referred to
interchangeably as Y21M and as “stiff phage.”

Our group used MI13 phage display and rational design to great advantage and
demonstrated its broad versatility in developing viruses to recognize and mineralize specific

crystal structures of semiconductor materials,® *°

ordering quantum dots, '® and synthesize a
variety of electrode materials for lithium rechargeable batteries.'"- 7" '* Further, various viral self
assembly techniques were demonstrated using liquid crystal ordering with high concentration
phage solutions, and 2-dimensional assembly on polymer thin films.'* '* ** Self-assembly of
inorganic materials and of viral nanowires using wet-bench chemistry at ambient conditions with
environmentally benign materials provides significant benefits for battery electrodes. The

bacteriophage’s high aspect ratio of approximately 130 offers a high surface area to volume ratio

for mineralized nanowires creating small ion diffusion distances and high packing densities.

1.3 Biotemplating for Energy Devices

Biotemplating has been demonstrated as an effective means of ordering materials at the
nanoscale. A wide array of biological templates has been used to direct the assembly of
numerous metal, metal oxide and semiconducting materials. This approach provides a low-cost
method when compared to traditional manufacturing techniques. On the other hand, there has

been only limited demonstration of 3-dimensional ordering of biotemplates. DNA origami is one
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example, but one that relies on numerous custom designed oligonucleotide sequences. A facile
3-dimensional assembly approach using a single biotemplate monomer would greatly advance
the field of biotemplating.

M13 bacteriophage based battery devices. The M13 bacteriophage was used to develop
a range of electrode materials for lithium rechargeable batteries. Both cathode and anode
materials were developed, with synthesis strategies employed to increase conductivity for less
conductive active materials. To synthesize Co;04 nanowires for use as battery anodes, the E4
virus was incubated in cobalt chloride solution followed by reduction with NaBH,4. The resulting
Co0304 nanocrystals yielded a 600mAh/g stable capacity over 20 charge-discharge cycles. To
achieve higher rate capacities, the viruses were assembled with a phagemid system where the
introduction of a separate plasmid into the E.coli host expressed a gold binding p8 protein that
assembled with the tetraglutamate fusions. The resulting phage particles presented a small
percentage of randomly incorporated gold binding proteins on its coat. The hybrid system
nanowires contained approximately 2.5% gold mass and generated significantly higher current
densities and a specific capacity 30% higher than the Co3;O4 nanowires without gold
incorporation.

The ability to synthesize inorganic electrode nanowires on M13 phage was then coupled
to the ability to order the virus on a layer-by-layer (LbL) polyelectrolyte membfane (PEM) film.
Layer-by-layer assembly of two polyions of opposite charge creates ultrathin films, that
depending on the choice of polyelectrolyte can serve as a solid polymer electrolyte.?'™> The
alternation of linear polyethylenimine (LPEI) and polyacrylic acid (PAA) yields a superlinear
film growth, whereby LPEI polymer interdiffusion between layers creates a progressively thicker

positively charged top layer."'?° Positively charged LPEI deposition on a negatively charged
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substrate such as a plasma treated silicon wafer followed by rinsing with de-ionized water and
subsequent deposition of PAA constitutes one bilayer. The additional deposition of LPEI adds a
half layer, with the nomenclature convention of (LPEI/PAA),, where n is the number of bilayers.
Two dimensional phage ordering was initially attempted by depositing virus on 4.5 bilayer films
with additional deposition of bilayers. This caused the virus to successively diffuse to the top
surface and gain increasing 2D order."” Ultimately, it was determined that beyond a critical
number of LPEI/PAA biliayers, virus solutions order in a single deposition due to the lateral
diffusional mobility of LPEI, which in turn allows for the 2-dimensional ordering of the viral
particles. The concentration and pH of both the film polyelectrolytes and the virus solutions
significantly influence the degree of ordering.?® A LPEI and PAA solution pH of 5 facilitates the
optimal virus ordering by minimizing particle overlap and clustering. The density of virus
deposition on the film is controlled within a pH range of 4.8-5.4. Binding density increases with
decreasing pH. pH values below this range result in disordered aggregates, and pH values above
the range result in sparse binding.

The PEM film provides an excellent means of controlling the ordering the M13 virus in
two dimensions. Using a polydimethylsiloxane (PDMS) stamp with raised 4pm and 8um
circular pads, layer-by-layer films were developed and coated with ordered E4 phage. Synthesis
of Co3;04 nanowires on the viral film resulted in a single viral layer of electrode material. The
PDMS pads, coated with a LPEI/PAA multilayer film and cobalt oxide nanowire layer were then
stamped onto platinum electrodes and galvanostatically tested with a lithium counter electrode
between 26-255nA. The estimated capacity of each individual stamped electrode was between

625pA and 725pA. The estimate is complicated by the lack of a known mass of electrode
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material and a small capacity of platinum at slow discharge rates. Consequently, no specific
capacity was determined.

An interesting feature of the nanowire synthesis on the 2D polyelectrolyte bound viral
film is the apparent loss of order observed prior to the synthesis to after the cobalt oxide
synthesis. It is speculated here that the increased ionic strength of the initial cobalt chloride
incubation solution and the progressive mineralization of the viral particles decreases the ionic
interaction between the p8 coat proteins and the underlying positive LPEI film layer. The
resulting nanowires present the appearance of a convoluted thin mesh rather than linearly aligned
metalized wires with planar aligned axes. It is undetermined if the nanowires are physically
connected and whether that possible contiguous mesh of nanowires contributed to the rate
performance of the electrodes. The nature of a single layer viral film as nanowire templates
limits the micro-battery capacity to a relatively fixed z-height, and consequently battery capacity
becomes a function of film surface area.

Our group next explored the use of the M13 virus to template lithium iron phosphate
cathodes.'® The low cost of materials and more benign environmental impact make iron
phosphate an attractive electrode material.** To overcome the high resistivity of this electrode
material, two strategies were employed. First, similar to the incorporation of gold particles in
cobalt oxide nanowires, silver nanoparticles were first bound to the viral coat with amorphous
iron phosphate mineralized over the silver particles and the remainder of the viral p8 coat
proteins. Unlike the gold incorporation into cobalt oxide which used a phagemid system for a
low percentage random incorporation of gold binding p8 proteins, the E4 virus was used to bind
silver nanoparticles and mineralize iron phosphate. Biopanning the E4 virus p3 protein against

single wall carbon nanotubes (SWCNT) generated a two-gene phage system that allowed the
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creation of a conductive mesh connecting the virus particles. Where electrode active material
contacts can dislocate after repeated battery cycling, the carbon nanotubes provide a more robust
wiring of the electrode that maintains a stable capacity beyond 50 cycles. The rate performance
of the carbon nanotube binding phage significantly improved both low and high discharge rates.
A C/10 (theoretical capacity discharged over 10 hours) discharge capacity improved from
143mAh/g for E4 only, to 170mAh/g with carbon nanotube incorporation. At a 3C discharge
(theoretical capacity discharged in 20 minutes), carbon nanotube binding improved the electrode
capacity to 134mAh/g over the best reported rate for lithium iron phosphate of 80mAh/g.
Continued electrode material develop in our group demonstrates E4’s broad versatility to
nucleate and mineralize a range of alloys. Ensuring high rate discharge capacity is a continuing
challenge for many electrode materials due the disrupted active material particle contacts.' > %
Volume expansion and contraction accompanies the intercalation and de-intercalation of lithium
into and from the active material. Coating active materials with conductive carbon and rolling
the electrode with an organic binder aids in maintaining the electrical pathway between active
material particles. However, over repeated cycling, crack development and propagation can lead
to the loss of electrical contact between active material particles and conductive carbon and
ultimately to electrode pulverization. The high aspect ratio of viral template nanowires provides
the benefit of low relative volume expansion and high entanglement and consequent electrical
contact of nanowires. The factors of microstructure, material composition, grain orientation, and

electrode/electrolyte interactions significantly impact the assembly of thin films in general,”” and

microbatteries in particular.
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1.4 Multi-Functional Materials Vision

As battery powered devices continue on a miniaturization pathway, current battery
systems will be unable to provide power due to two limiting factors: 1) available area and
volume for battery incorporation, and 2) the added mass from the battery system may be on the
order of the mass of the objective device, which would significantly impact those miniaturized
systems that require power for movement. As seen in the case of 2-dimensional phage based
micro electrodes, the area of the electrode is a design constraint on battery capacity. For devices
that require power for movement, the ancillary materials in macroscopically assembled batteries,
such as casing, current collectors, separator, conductive carbon, and organic binder add inert
mass that then also require power for movement. Essentially the mass specific energy and power
densities of complete battery systems are lowered due to the ancillary packaging components.

A materials approach that might address the issues of limiting device architecture and
battery mass specific performance parameters would be the development of a 3-dimensionally
structured electrode that serves both as a redox-active and mechanical support material. Such a
dual functional electro-mechanical material could be used to both construct and power a device.
In general such an envisioned material would have the following characteristics: a 3-dimensional
porous conductive structure that provides the electrical conductivity of a current collector and the
mechanical strength of metal foam; tunable porosity to accommodate electrode volumetric
changes and electrolyte mass transport requirements; and a tunable framework element diameter
to adjust electrical conductivity and mechanical strength.

This material could then be incorporated into a multi-layer composite battery structure as
seen in Figure 1.1. This idealized structure eliminates the need for and mass of planar current

collectors and the external casing is reduced to a thin polymer environmental barrier. The
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battery assembly could then be laminated to the device structure in order to supplement existing

device mechanical properties or reduce/eliminate device structure mass.

2 ////////W/ Z 1. Device structure
<’’’ .

2. Adhesive/environmental barrier
3. 3D virus templated anode

4. Gel polymer electrolyte/separator
5. 3D virus template cathode

6. Environmental polymer barrier

Figure 1.1. Conformal bio-templated battery composite battery. Dual functional
electro-mechanical batteries are expected to provide both a power source and mechanical
structure for powered devices where additional battery mass would otherwise decrease
performance parameters such as maximum speed, range, and thrust-weight ratios. A
composite battery is depicted laminated to the structural frame of a powered device with
numbered layers identified to the right.

The concept of initially supplementing or reducing objective device mass to the eventual
replacement of device structural mass with a dual functional electro-mechanical material is
hypothesized with aerial drones shown in Figure 1.2. Initial material development would lead to
a wing battery laminate supplementing the resident power supply. As the mechanical strength
development of the battery laminate improves the airfoil structure can be reduced such that the
overall mechanical properties of the composite battery/airfoil meet the initial design

specifications.
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Airfoil

Figure 1.2. Integrated bio-templated battery composite battery. Dual functional electro-
mechanical batteries are expected to provide both a power source and mechanical structure
to powered devices where additional battery mass would otherwise decrease performance
parameters such as maximum speed, range, and thrust-weight ratios.

The 3-dimensional dual functional material architecture can be envisioned in a broad
array of other applications ranging from fuel cells to catalysis to photovoltaics. The ability to
assemble porous structures on the nanoscale that provides both an electrochemical/electroactive
function simultaneous with a mechanical support would be tremendously beneficial. This multi-
functional material provides the starting hypothesis and engineering objective of this thesis
work, that a 3-dimensional nanoporous material can be biotemplated in order to provide
electrochemical and mechanical properties for energy storage and device applications. The
eventual scale-up of this effort is envisioned to be amenable to roll-to-roll processing as shown

in Figure 1.3.
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ANODE STREAM

CATHODE STREAM

Figure 1.3. Roll-to-roll processing of multifunctional electrode materials. Separate
processing streams are shown for anode and cathode materials. Both processing streams are
laminated into a composite integrated battery material.

1.5 Structure of the Dissertation

The primary purpose of this work is to further expand the toolkit available to create nano-
structured materials for energy and micro-device applications.  This purpose is explored using
the M13 bacteriophage as a biological template building block. The building blocks are
assembled into 3-dimensional structures that are used as templates to synthesize inorganic
current collectors and battery electrode materials. This approach establishes a synthetic route to
assemble a wide array of devices for applications that include elecﬁcal energy storage, catalysis,

photovoltaics, electrochromics, and more.

Chapter 2: 3-Dimensional Phage-Templated Current Collectors. This chapter describes
the synthesis of stochastically assembled bacteriophage hydrogels. The hydrogels are formed

using a chemical cross-linking agent to covalently cross-link the viruses into a 3-dimensional
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hydrogel structure. The hydrogel then serves as a template to form inorganic copper and nickel
nanowire networks that serve as 3-dimensional current collector electrodes. The electrodes are
characterized morphologically with scanning and transmission electron microscopy (SEM,
TEM), compositionally with energy dispersive x-ray spectroscopy and x-ray diffraction (XRD),
and electrochemically with cyclic voltammetry (CV), and with four point probe for conductivity

and resistivity.

Chapter 3: 3-Dimensional Phage-Templated Copper-Tin Nanowire Networks for
Lithium Rechargeable Batteries. Copper 3-dimensional nano-networks are used as the electro-
mechanical structure to synthesize redox active electrodes for lithium rechargeable batteries. Tin
anodes are synthesized via a galvanic displacement reaction from copper nanowire networks to
form a core shell structure. The inner copper core is surrounded by a layer of CusSns. The
bronze shell is then surrounded by a layer of pure tin. Both CueSns and Sn provide electroactive
anode material with the large volume changes during cycling accommodated within the porous

3-dimensional scaffold.

Chapter 4: Electro-Mechanical Properties of Phage-Templated 3-Dimensional
Scaffolds. The mechanical properties of the materials involved in the sysnthesis of dual
functional electromechanical materials are explored using atomic force microscopy
indententation and nano-indentation. The elastic moduli of phage hydrogels and aerogels, and

copper and nickel nanowire networks are characterized.

Chapter 5: Future Work: Device Applications for 3-Dimensional Phage-Templated

Scaffolds. Nobel metal 3-dimensional nanowire synthesis is described for possible catalytic
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applications. Thermal annealing effects on copper nanowires are demonstrated. A dried phage

polyelectrolyte film method is demonstrated using virus hydrogels.
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CHAPTER 2

3-Dimensional Phage-Templated Current
Collectors



2.1 Introduction

Numerous energy related fields have developed nanostrucutured materials to improve
objective device performance. Photovoltaics, fuel cells, electro-optical, and lithium rechargeable
batteries are just a few.'®  There have been numerous efforts to create 3-dimensional porous

nano-architectures to improve the performance of these devices.” '

While many interesting
structures have been synthesized, scale-up of the materials would be prohibitively expensive in
some cases. Further, assembling nanomaterials into practical devices can pose challenges in
terms of packaging and integration. For some applications such as lithium rechargeable
batteries, the nano-structured materials require additional conductive additives and organic
binders.

For electrical storage applications in particular, there is a constantly increasing demand
for lightweight power sources and electrode architectures that eliminate the need for conductive
and organic additives. The elimination of ancillary electrode mass will increase specific energy
and power densities. The increased demand for lightweight power is coupled with increasing
device miniaturization. As the scale of devices decreases, current energy supply and storage
technologies add mass on the same scale as the device itself. Given these challenges and
demands, a dual functional electro-mechanical material that serves as both a device structural
material and a power source would dramatically improve device integration and range for
powered movement.

For such an electro-mechanical material, an idealized material might begin with an
orthogonal 3-dimensional matrix as shown in Figure 2.1. The idealized architecture would

possess a number of desirable design features. These include the ability to adjust the basic

structural element diameter, porosity, and overall structural thickness. Further optimization
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might also include a hierarchical material porosity to optimize the transport properties of
material through the scaffold. Finally, the scaffold would function as a free standing film
increasing device integration options.

To address the demand for lightweight power with a long-term objective of a dual
functional electro-mechanical material, bio-templating offers the means to create novel 3-
dimensional nano-architectures. In particular, the M13 virus has proven a versatile biotemplate
for a wide range of metal, metal oxide, and semiconducting materials.'"""* The virus has also
served as a structural unit to assemble fibers and liquid crystal films.'>'® If the requirement for
an orthogonal orientation of structural elements is relaxed in Figure 2.1, then one might envision
a stochastically assembled matrix with mean distribution values of element diameter, porosity
and scaffold thickness. Such a stochastic assembly approach using the M13 virus as the basic
structural element is envisioned in Figure 2.2. The general approach would be to assemble the
virus into a 3-dimensional biotemplate, mineralize the template to a 3-dimensional conductive
scaffold, and then further functionalize the conductive scaffold for a particular application.

In this work, the MI13 is assembled into a 3-dimensional biotemplate using
glutaraldehyde to covalently cross-link virus particles into hydrogels. The resulting hydrogels
are mineralized to conductive copper and nickel nanowire scaffolds using electroless deposition.
Control of nanowire diameter, scaffold porosity, and film thickness is demonstrated. The
nanowire scaffolds are also found to be highly conductive and can be synthesized as free-
standing films. These novel 3-dimensional nanowire networks are envisioned to serve as a
tunable, scalable and general design architecture across the many material applications for nano-

porous materials.
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Figure 2.1. Idealized 3-dimensional lattice. An idealized 3-dimensional lattice is shown as
a conceptual start point for developing bacteriophage 3-dimensional architectures. The ideal
structure has tunable element diameters, porosity, and thickness.

Figure 2.2. Stochastic virus assembly into 3-dimensional architecture. A) The idealized
3-dimensional lattice structure in Figure 2.1 is relaxed to accommodate the non-orthogonal
element orientations of a virus solution.  The virus solution is cross-linked into a
stochastically ordered hydrogel. B) The virus hydrogel is mineralized into a 3-dimensional
conductive meteal nanowire scaffold. C) The metal nanowire scaffold is functionalized to
the desired active material. D) Representative 3-dimensional virus-based volume element.
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2.2 Experimental

M13 Phage. The M13 bacteriophage E3 and Y2IM clones were amplified using the ER2738
E.coli strain and purified using standard polyethylene glycol (PEG) precipitation protocols.
Collected phage stocks were stored in 1 x phosphate buffered saline (1xPBS). Phage were
quantified using a Nanodrop 1000 UV/VIS spectrophotometer. The Nanodrop nucleic acids
function was used to determine absorbance at 269nm and 320nm. Absorbance values were used
in the equation below to determine phage concentration in virions per milliliter (virions/ml). The
numerator includes the difference between the peak DNA absorbance at 269nm and the
absorbance of aromatic protein residues at 320nm multiplied by the extinction coefficient of
6x10'°. The denominator is the number of base pairs in the E3 clone.

(Aze9-A320)-6x10'
7220

[phage] =

The pVIII coat protein on E3 and Y2IM are identical. The E3 clone has an EEED protein
fusion sequence on the N-terminus of pVIIl. Note that there are four carboxylic acid functional
groups at the p8 N-terminus with three glutamates and one aspartate. The E3 clone derived
from the E4 clone with an EEEE protein fusion, where a mutation resulted in a change from a
glutamate to an aspartate residue. The Y21M clone substitutes methionine for tyrosine at the 21*
amino acid residue on the pVIII coat protein.'” The amino acid residue substitution is on the
interior of the phage capsid and increases its persistence length,'® but does not alter the binding

properties of exterior coat protein.

Hydrogel Formation. Stock 50% Glutaraldehyde Solution (Sigma Aldrich, CAS# 111-30-8)

was placed in a reservoir. The specific gravity of the glutaraldehyde solution is 1.106. Virus
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solutions (either E3 or Y2IM) in 1xPBS were pipetted onto a substrate. The loading factor for
test samples was 10yl on an approximately 1cm® substrate. Substrates tested included untreated
silicon wafers, indium tin oxide (ITO), copper foil, aluminum foil, glass, fluorine-doped tin
oxide (FTO), and steel. Substrates with phage solution were inverted and placed onto the
glutaraldehyde solution surface. Mechanical support was used for substrates that did not remain
on the top of the glutaraldehyde solution. The phage solution was allowed to remain in contact
with the glutaraldehyde solution 30min. Cross-linked phage solutions were removed from the
glutaraldehyde solution and transferred to 1L 1xPBS for 12-24h to remove excess glutaraldehyde
from the resulting hydrogel.

An alternative method was used to form thicker hydrogels by creating well assemblies. A
well reservoir was assembled from 4mm or 8mm holes punched in 1mm, 2mm, or 3mm thick
rubber. The resulting rubber masks were heat molded onto glass, ITO coated polyethylene
terephthalate (PET), or silicon wafer substrates via 100um thick heat moldable Solaronix
Meltonix 1170-100 films. The substrate/heat moldable film/rubber mask were placed on a heat
plate at 120°C and held in placed with a Teflon block for one minute. The resulting wells can be
filled with varying volumes of phage solution and inverted and placed in contact with a 50%
stock glutaraldehyde solution. Mechanical support for the well assemblies was required to
maintain the phage-glutaraldehyde liquid-liquid interface at the surface of the glutaraldehyde.
Phage solution contact with glutaraldehyde proceeded for 2h for well assemblies. Wells with the
resulting hydrogels were placed in IxPBS for 24h to remove excess glutaraldehyde. The
resulting hydrogels maintained the dimensions of the original well assembly. Figure 2.3 depicts
predicted hydrogel thickness as a function of initial phage volumes for 4mm and 8mm well

assemblies up to a thickness of 3mm.
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Figure 2.3. Hydrogel formation using well assemblies. Predicted hydrogel thickness is
plotted as a function of initial phage volume for 4mm and 8mm circular well assemblies.

Palladium Sensitization. Virus hydrogels were sensitized with palladium solutions to effect
electrostatic binding of palladium ion complexes with virus coat proteins. Two different
palladium salts were used to prepare sensitizing solutions. Sodium tetrachloropalladate (II)
trihydrate (Strem, CAS# 13820-53-6) was prepared at a concentration of 10mM with an assumed
predominant ionic palladium species of [PACL].  Tetraaminepalladium (II) chloride
monohydrate (Sigma Aldrich, CAS# 13933-3 1-8) was prepared at a concentration of 10mM with

an assumed predominant ionic palladium species of [PA(NH;),)*".

Copper Electroless Deposition. Copper electroless deposition solution consisted of: 0.032M
CuSO4+5H,0 (Mallinckrodt Chemicals, CAS# 4844-02); 0.040M ethylenediamino tetraacetic
acid, disodium, dehydrate (EDTA) (Mallinckrodt Chemicals, CAS# 6381-92-6); 0.1M 3-(N-
morpholino) propanesulfonic acid (MOPS) (Sigma Life Science, CAS# 1132-61-2); 0.067M
dimethyl amine borane (DMAB) (Aldrich, CAS# 74-94-2). The final ELD solution pH was

adjusted to 7.
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Nickel Electroless Deposition. Nickel chloride electroless deposition solution consisted of
0.IM NiCl; (Sigma, CAS # 339350), 0.15M Na»B4O- (Sigma, CAS # 1330-43-4), 0.25M glycine
(Sigma, CAS # 56-40-6), and 0.5M dimethyl amine borane (DMAB) (Aldrich, CAS# 74-94-2).

Nickel sulfate electroless deposition solution consisted of: 0.032M NiSO4+6H,0 (Aldrich, CAS#
10101-97-0); 0.064M lactic acid; 0.1M 3-(N-morpholino) propanesulfonic acid (MOPS) (Sigma
Life Science, CAS# 1132-61-2); 0.067M dimethyl amine borane (DMAB) (Aldrich, CAS# 74-

94-2). The final ELD solution pH was adjusted to 7.

Scanning Electron Microscope/Focused Ion Beam. A FEI Company Helios 600i Nanolab
Dual Beam SEM/FIB was used for high resolution imaging and for cross-sectional etching
samples. The FEI XL-30 ESEM (Environmental Scanning Electron Microscope) was used for

general purpose imaging.

Energy Dispersive X-Ray Spectroscopy. EDS was performed using the FEI Company Helios
600i Nanolab Dual Beam SEM/FIB. Samples were placed at a working distance of 10.5mm and
a an accelerating voltage of 10kV was used. Spectra were collected and initially analyzed for
peak identification and mass composition using INCA software. Spectra files were then

exported as text files and plotted using Microsoft Excel.

X-Ray Diffractometry. X-ray diffraction (XRD) analysis was conducted on a PANalytical
X'Pert Pro X-ray diffractometer with Cu K, radiation (A =1.54060A), a 2Theta-Omega scan axis,

and a scan step size of 80.0100s. A 1° offset was used for copper and nickel film samples on
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single crystalline silicon wafers to minimize silicon (100) peaks. Sample irradiation lengths

varied between 0.4 and 0.6¢cm.

Profilometry. A Veeco DEKTAK 150 Profilometer was used to determine sample thicknesses.
A razor blade was used to cut a “Z” at multiple locations along a profile path to assist in leveling
the profile during analysis. A step height calibrated 2.5um stylus was drawn over the sample
with a 2.0-3.0mg force setting at an approximately 200um/s scan rate. Average step heights
were determined by calculating the difference between average profile height values of the
substrate and top of the film surface. Surface roughness, R, values were determined over length

scales of greater than 1000um.

Four-Point Probe Conductivity. A Keithley 4200-SCS Semiconductor Characterization System
was used as a four-point probe to determine resistivity and conductivity of film samples in
conjunction with film thicknesses determined from profilometery. The probe head consisted of
four tungsten carbide probes 62.5mil (1.5875mm) apart for a total width of 4.7625mm between
the outer probes. Current, I, sweeps of 0.1-100mV with 20 steps were sourced between the
outer probes. The voltage difference, V4, was measured between the high impedance middle
probes. Resistance was calculated as R = Vgir/ 1. Resistance was verified to obey a linear,
ohmic relationship. Sheet resistance was calculated as Ryq = 4.53-R. Using film thickness, t,

determined with profilometry, film sample resistivity, p, was calculated as:

T Vaisg

P=1s 7

In2 1
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Mercury Porosimetry. The Micromeritics Autopore IV mercury porosimeter was used to
determine the pore size distribution of copper and nickel films. Film samples were delaminated
from substrates with a razor blade and transferred to the sample chamber. Sample masses greater
than 10mg were used, requiring multiple films synthesized under the same reaction conditions.
A low pressure profile up to 14psi and high pressure profile up to 10,000psi were used. Using
the Autopore IV analysis software, Differential Intrusion vs Pore Size output was used to

determine the pore size distribution.

Image Analysis. ImageJ'® 1.45p software (U. S. National Institutes of Health) was used for pore
size analysis of scanning electron microscope focused ion beam cross-section images. SEM
images were first optimized for maximum brightness/contrast and then converted to a binary
black and white image, segmenting the image into pores and solids. Based on the image contrast
of SEM images, void spaces are darker than the nanowires which scatter electrons. Thus, void
spaces are converted to black particles during the binary image conversion. Set scale was used to
calibrate the image scale to the sofiware scale. The Analyze particles function was used to
determine the area fraction, perimeter. The “include holes” option was left unchecked to ensure
that nanowire area was not included in the pore space area fraction. A 102 pixel size was used as
a particle size cut-off to eliminate noise of non-physical pores. The area fraction value was used
as the cross-section porosity. The feret diameter statistic was used as an estimate of pore
diameter. Total contour length of pores in the 2-dimensional cross-section was determined by

selecting all particles and using the Measure/Perimeter function.
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2.3 Results and Discussion

2.3.1. Hydrogel Formation.

To synthesize 3-dimensional metal nanowire scaffolds, the starting hypothesis was that
the M13 virus could be cross-linked into a hydrogel and serve as 3-dimensional bio-template.
Glutaraldehyde is a commonly used molecule to cross-link proteins. Previous work using the
MI13 virus to assemble fibers employed glutaraldehyde as the cross-linking agent.’> 2% !
Glutaradlehyde is a bifunctional aldehyde on a five carbon chain. The aldehyde functional
groups are thought to react reversibly predominantly with lysine amino acids above a pH of 3.2
The glutaraldehyde-protein reaction is observed to be generally irreversible between pH 7-9.
The bifunctional character of the glutaraldehyde molecule facilitates the linkage between two
virus particles. Figure 2.4 (A) indicates the exposed lysine residues on a Van der Waals surface
image of the bacteriophage. The image was rendered with Protein Database file 2C0X using
Jmol software.” While the previous work with virus fibers generally involved concentrated
virus solutions above 1x10'pfu/ml, we believed that using lower phage concentrations with
glutaraldehyde might result in the formation of hydrogels."> A hydrogel with close to 99%
percent water might offer a sufficient diffusive pathway for metallization precursors to access the
extent of the 3-dimensional bio-template.

A variety of methods were attempted to cross-link virus solutions into hydrogels. These
methods include direct mixing of dilute glutaraldehyde with virus solutions across a range of
stoichiometric ratios of glutaraldhyde to p8 proteins, virus concentrations, cross-link times, and
pH values. One method involved dropcasting a virus solution onto an untreated silicon wafer
substrate and placing a dialysis membrane over the top of the phage solution, and then placing

glutaraldehyde on top of the membrane. This resulted in hydrogel films that adhered to the
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substrate. The top surface of gels prepared with this technique were macroscopically rough.
Two reasons were believed to contribute to the gel surface roughness. The first was the possible
gel formation within the pores of the dialysis membrane that could cause gel shearing upon
removal of the membrane. The second reason was the observation that glutaraldehyde sediments
through the membrane pores into the nascent gel. The specific gravity of the 50%
glutaraldehyde solutions used is 1.106 which is higher than that of water.

To take advantage of the difference in specific gravities and achieve phage hydrogels
with a low roughness top surface, the cross-linking scheme in Figure 2.4 (B) was used. The
method described above employing a dialysis membrane is spatially inverted and eliminates the
use of a membrane. The phage solution is dropcast onto a substrate, inverted and then placed in
contact with a reservoir of 50% glutaraldehyde solution creating a one-dimensional diffusion
profile of glutaraldehyde into the phage solution. The virus solution and glutaraldehyde are
observed to form distinct liquid-liquid interface owing to the difference in specific gravities.
Virus suspensions were prepared in phosphate buffered saline (PBS) solution at pH 7.4. Stock
50% glutaraldehhyde is stored at pH 3. The PBS is believed to buffer the glutaraldhyde
diffusing into the virus solution. In addition to dropcasting the virus on a substrate to develop a
hydrogel film, it was observed that virus solutions cross-link into the geometry of the solution.
As an example, a microfuge tube filled with 0.5ml of glutaraldehyde solution and 100u! of E3
virus at concentration of 1x10"pfu/ml results in a hydrogel “plug” shown in Figure 2.5 (A).
Similarly, 8mm diameter wells were created using Imm thick rubber adhered to silicon
substrates. The rubber wells were filled with virus solution, inverted, and cross-linked on
glutaraldehyde. An example of the hydrogel film is shown in Figure 2.5 (B). This technique

allows for control over the hydrogel thickness by controlling the geometry of the virus solution
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during cross-linking. Using 4mm and 8mm diameter wells with varying thickness, gels of
varying thickness were assembled using the linear correlation of thickness to phage volume
divided by surface area shown in Figure 2.3 in Section 2.2. Minimal volume changes were
observed during 30 minutes of cross-linking time for film gels and up to 2 hours of cross-linking
for “plug” gels. Gels were rinsed in phosphate buffer for 24 hours to remove any excess

glutaraldehyde.

Glutaraldehyde

Figure 2.4. Phage cross-linking concept. A) Van der Walls surface image of the M13
virus displaying solvent exposed lysine residues in blue. Image perspective is looking down
the axis at an oblique angle from the p3 end of the virus. Image was rendered from PDB file
2C0X using Jmol software. B) Virus solutions in phosphate buffered saline have a specific
gravity less than 50% glutaraldehyde creating a liquid-liquid interface. Glutaraldehyde
diffuses into the virus solution cross-linking virus particles into a covalently linked
hydrogel. Virus hydrogels were found to adhere to silicon, glass, copper, aluminum, indium
tin oxide and fluorine-doped tin oxide substrates.
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Figure 2.5. M13 virus hydrogels. Hydrogels were formed using the cross-linking concept
shown in Figure 2.4. The E3 clone at a concentration of 1x1 0"*pfu/ml was used to form the
gels in A and B. Hydrogels cross-link to the volume dimensions of the cross linked
solution. A) Hydrogel formed within a microfuge tube. B) Hydrogel formed within a 1mm
deep well. Scale bars are A) 5mm and B) 8mm.

2.3.2. Copper Electroless Deposition.

In order to use the hydrogels to mineralize copper and nickel nannowires from electroless
deposition (ELD) solutions, the virus particles need to be sensitized with a catalyst to mediate the
reduction of cation precursors that are otherwise stable in the presence of reducing agent within
the ELD. Palladium salt solutions are commonly used to sensitize substrates both in commercial
plating applications, as well as previously demonstrated copper biotemplating. **** Palladium
(II) chloride (Na;PdCls) has been extensively used for bio-templating applications.”> 3! The
dominant ionic species of Na,PdCl, in solution is [PdCI3(Hz0)]" and some groups have
hypothesized that negative ions bind to amine groups on biotemplates.’> ** Given that the likely
mechanism of glutaraldehyde cross-linking creates a covalent bond with lysine residues, a
(NH3)4PdCl; palladium solution was used to sensitize the virus hydrogels. The predominant

ionic species in solution is expected to be the [(NH;)4Pd]** complex.™* With four carboxylate
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amino acids at the N-terminus of the p8 protein, at neutral pH values, the positively charged
palladium complex will electrostatically bind the virus. Virus hydrogels were exposed to 10mM
(NH3)4PdCl, for at least 6 hours to allow for diffusion and binding. To prevent solid product
precipitation between palladium and phosphate, a buffer exchange from PBS to MOPS at pH 7
was conducted. After palladium exposure, the gels were rinsed in MOPS buffer for at least 12
hours to remove excess catalytic ions.

The palladium sensitized gels were then immersed in a copper electroless deposition
solution. In general, electroless deposition solutions consist of a precursor metal ion to be
reduced, a reducing agent, a complexing agent to stabilize the metal ion in the presence of the
reducing agent, and a buffer to prevent pH variation and ensure that the desired product is
plated.35 Copper electroless deposition was traditionally conducted at high pH values until the
development of low pH formulations that were later modified for use with biotemplating
systems.25 8 The copper electroless deposition used in this work was modified from the
formulation used by Balci, et al to synthesize copper nanoparticles within the core of the tobacco
mosaic virus.*> The copper electroless deposition solution precursor ion, complexant, reducing
agent, and buffer consisted of 0.032M CuSO4°5H,0, 0.040M ethylenediaminetetraacetic acid,
disodium, dehydrate (EDTA), 0.1M 3-(N-morpholino) propanesulfonic acid (MOPS buffer), and
0.067M dimethyl amine borane (DMAB). The overall scheme for copper and nickel nanowire
syntheses is shown in Figure 2.6 and consists of 1) hydrogel formation, 2) palladium
sensitization, and 3) nanowire synthesis in an electroless deposition bath.

Figure 2.7 shows the results of the electroless deposition of copper onto virus hydrogels
at multiple length scales. A contiguous network of copper nanowires is seen at each length scale.

Figure 2.7 (A) reveals a rough surface morphology on the nanowires and shows the junction
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nodes between nanowire elements. Energy dispersive X-ray analysis in Figure 2.9 indicates high
purity nanowires with a copper composition consistently above 99%. XRD analysis in Figure
2.10 confirms the copper composition and reveals a minor copper oxide peak. Figure 2.8 is a
photo image demonstrating a free standing 3-dimensional nanowire network film. The
dimensions of the film are approximately 6mm x 4mm. The free standing films also presented
the flexibility to bend, although characterizing the flexural modulus of the material was not part

of this initial work.

A Hydrogel Formation C Copper ELD

Figure 2.6. 3-dimensional metal scaffold synthesis sequence. A) Hydrogel formation. B)
Hydrogel sensitization with palladium ions. C) Immersion of palladium sensitized hydrogel
into a copper electroless deposition solution yields a 3-dimensional copper nanowire
scaffold. D) Immersion of palladium sensitized hydrogel into a nickel electroless
deposition solution yields a 3-dimensional copper nanowire scaffold.
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Figure 2.7. Copper nano-networks at multiple length scales. 3-dimensional copper
nanowire nanonetworks templated on E3 hydrogels formed from a concentration of
7x10"pfu/ml. Scale bars are A) lum, B) 5pm, C) 10pm, and D) 40pum.

Figure 2.8. Free standing copper nanowire film. Dimensions of the film are
approximately 6mm x 4mm.
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Figure 2.9. Energy dispersive X-ray spectrum for copper nanowire scaffolds.
Quantification of the EDS spectrum indicates a Cu:O mass ratio of 99.13:0.87.
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Figure 2.10. X-ray diffractometry spectrum for copper nanowire scaffolds. Copper
peaks fit to Cu Powder Diffraction File Reference Number 04-003-1261. CuO peak fit to
Reference Number 01-078-0428.
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2.3.3. Nickel Electroless Deposition.

After palladium sensitization, virus hydrogels were also immersed in nickel electroless
deposition solutions to synthesize 3-dimensional nickel nanowire networks. Developing an
electroless deposition solution composition amenable to the virus hydrogels proved challenging.
A nickel electroless deposition solution previously used with the tobacco mosaic virus was
employed.”® This bath composition consisted of 0.IM NiCl,*6H,O as the metal precursor,
0.15M Na;B40O; as the buffer, 0.25M glycine as the metal ion complexant, and 0.5M dimethyl
amine borane as the reducing agent. The rapid kinetics of the bath composition caused vigorous
bubbling of hydrogen gas throughout the hydrogels and caused film delamination from the
silicon substrate and macroscopic holes in the resulting film. Another challenge was observed in
SEM images of the resulting nanowires. As seen in Figure 2.11 (A), there were numerous
locations where the nanowires appeared to fracture. One hypothesis was that the nickel chloride
formulation was the cause of the phenomenon. Nickel chloride deposition baths are known to
create deposits with high intemal stresses.’® The reaction times were less than five minutes and
if allowed to progress beyond that time point, the top surface of the hydrogel would eventually
develop into a solid nickel sheet as seen in the SEM image in Figure 2.11 (C). The other
consequence of the short time scale of this ELD composition is the variable nanowire diameter.
As seen in Figure 2.11 (C), from the nickel sheet at the top surface, the nanowires decrease in
diameter toward the bottom of the film. For the narrow set of conditions of dilute phage
concentrations, thin hydrogels, and a 90 second exposure to the nickel chloride solution, well
formed nanowires resulted as seen in Figure 2.11 (D). The following list summarizes the results

for a wide range of nickel chloride ELD concentrations and phage concentrations tested.
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Figure 2.11. Nickel nanowire synthesis challenges. A) Nanowire separation shown in the
dashed yellow circle. B) Beaded nanowire morphology resulting from slow electroless
deposition kinetics. Nanospherical particles are believed to result from surface energy
minimization. C) A nickel nanowire scaffold with rapid kinetics. The top surface of the
scaffold is sheeted over blocking further transport of reactants in to the film. Variable
nanowire diameters are seen, with diameters decreasing into the depth of the film. D)
Nickel nanowires reduced on the Y2IM clone for 90s in a nickel chloride deposition
solution.
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Reduction too fast
Gel too dense
Reduction too slow
Gel too porous

top surface sheets

top surface sheets; requires slow kinetics
Ostwald ripening

poor substrate adhesion

Ll

An example of a slow nickel nanowire reduction with a 3mM nickel sulfate ELD spanning 10
hours is shown in Figure 2.11 (B). The beaded nanowire morphology likely results from an
Ostwald ripening like process, minimizing the surface energy of nanoparticles through
coalescence of small nanoparticles into larger ones as they develop.’’

In order to avoid the consequences of high tension nanowires and rapid reduction
kinetics, a nickel deposition bath was developed using nickel sulfate and lower reactant
concentrations. The nickel sulfate bath consisted of 0.032M NiSO4+6H,0, 0.064M lactic acid,
0.1M 3-(N-morpholino) propanesulfonic acid (MOPS buffer), and 0.067M dimethyl amine
borane (DMAB). The bath pH was adjusted to pH 7 and reduction times ranging from 10-120
minutes were tested. Hydrogels with both the E3 and Y21M clones were mineralized. The
nickel nanowire scaffold shown in Figure 2.12 was synthesized from an E3 gel with a phage
concentration of 7x10"pfu/ml and immersed in the nickel sulfate reduction bath for 90 minutes.
The nickel sulfate bath was found to avoid many of the synthesis problems encountered with the
nickel chloride bath. EDS compositional analyses consistently resulted in nickel purity over
98% with a small percentage of oxide as seen in Figure 2.13. The XRD spectrum in Figure 2.14
shows the two primary nickel peaks. No nickel oxide was detected in any nickel nanowire XRD

scan.
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Figure 2.12. Nickel nanowire 3-dimensional scaffold. Nickel nanowires synthesized on

an E3 gel with a phage concentration of 7x10" pfu/ml and immersed in the nickel sulfate
reduction bath for 90 minutes.
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Figure 2.13. Energy dispersive X-ray spectrum for nickel nanowire scaffolds.
Quantification of the EDS spectrum indicates a Ni:O mass ratio of 98.66:1.34.

O Ni

Figure 2.14. X-ray diffractometry spectrum for nickel nanowire scaffolds. Nickel peaks
fit to Ni Powder Diffraction File Reference Number 04-002-1862.
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2.3.4 Nanowire Diameter Control.

Once the copper and nickel electroless deposition solutions were determined, control over
nanowire diameter was tested by varying the exposure time of the palladium sensitized hydrogels
to the respective ELD solutions. As seen in Figure 2.15, copper nanowire reduction times of
5min, 20min, 45min, 1h, 2h, 6h, and 14h were conducted and imaged with SEM. Nanowires at
early time points display a beaded appearance with discontinuous nanoparticles. The
nanoparticles appear to grow in size beyond 45min. After 2h of reduction time contiguous
nanowires appear and increase in diameter through 14h.

Using the nickel sulfate deposition bath, nanowire reduction times of 30min, 45min,
60min and 90min were performed and imaged with SEM as seen in Figure 2.16. Although the
overall time course for nickel nanowire synthesis is more rapid than for copper, a similar
morphological evolution of nanowires is observed. Small nanoparticles appear to coalesce into
larger particles until 60min at which point contiguous nanowires appear and continue to increase
in diameter through 120min. Also shown in Figure 2.16 is a nickel nanowire cross-section that
reveals a 9nm hole in the center providing evidence of the phage bio-template on which the
nanowire was grown.

To develop a nanowire growth curve, SEM images were analyzed to record to the
average nanowire diameter at each time point for both the copper and nickel images. Thirty
measurements were recorded for each image and 2 to 3 images were used for each time point.
The average nanowire diameter and standard deviation as a function of copper and nickel ELD
reduction time is plotted on Figure 2.17 and Figure 2.18 respectively. Both growth curves are
seen to observe a power law relationship during the initial growth phase and then increase

linearly. For copper nanowire growth this transition occurs graphically at 2 hours. This



Figure 2.15. Copper nanowire synthesis time course. Copper nanowires synthesized on
E3. The morphology changes from nanospherical aggregates at the early time points of 5
and 20 minutes to well formed, contiguous nanowires at 6 hours. Large, overgrown
nanowires are observed at 14 hours. Scale bars for each time point are: 5 min, 500nm; 20
min, 2um; 45 min, 4um; 2h, 1pm; 6 hours, lum; and 14 hours, 4pum.



Figure 2.16. Nickel nanowire synthesis time course. Nickel nanowires synthesized on E3.
The morphology changes from nanospherical particles along the virus at the early time
points of 30 and 45 minutes to well formed, contiguous nanowires at 60 and 120 minutes.
The lower right image shows nanowire cross-sections with approximately 9nm holes in the
center where the virus template should be. Scale bars for each time point are 500nm except
120min which is 3um. The scale bar for the NW Cross Section is 100nm.
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corresponds to the emergence of contiguous nanowires in the Figure 2.15 SEM images. Similarly
for nickel nanowires, there appears to be a transition from a power law relationship to linear
growth at 45 minutes. This time corresponds to nearly contiguous nanowires in the Figure 2.16
SEM images, just prior to fully contiguous nanowires are observed at 60min. The power law and
linear curve fits are shown for copper and nickel nanowire growth in Figure 2.19 (A) and Figure
2.20 (A) respectively.

The power law portion of the growth curves was analyzed using the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) equation, often employed for nucleation and growth processes.*®
The JMAK equation is often presented in the following form.

Y =1 —exp(-kt") @)
Y is the fraction of transformed material, k is the rate parameter, and n is known as the Avrami
exponent. Recast in the form,

In[-In(1-Y)] = nin(t) + In(k) 2)
plotting In[-In(1-Y)] versus In(t) should result in a linear plot with a slope of n, the Avrami

exponent. Interpretation of the Avrami exponent lends insight into the rate of nucleation and

growth of the material transformation.
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Figure 2.17. Copper nanowire diameter as a function of synthesis time.
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Figure 2.18. Nickel nanowire diameter as a function of time.
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Figure 2.19. Copper nanowire diameter as a function of synthesis time; curve fit. A)
Initial power law growth curve fit is shown in red. The linear growth curve fit is shown in
blue. B) Plot of In[In(1-Y)] vs In(time). Avrami exponent equals 0.5618.
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Figure 2.20. Nickel nanowire diameter as a function of time; curve fit. A) Initial power
law growth curve fit is shown in red. The linear growth curve fit is shown in blue. B) Plot
of In[In(1-Y)] vs In(time). Avrami exponent equals 0.5532.



The initial growth phase for copper and nickel mineralization was plotted in the form of
Equation 2 above. The linear plots are presented in Figure 2.19 (B) and Figure 2.20 (B). Full
transformation of the material, or Y = |, was determined as the nanowire diameter of the next
higher data point beyond the initial growth phase. The Avrami exponents are 0.5618 and 0.5532
for copper and nickel respectively. These values are just slightly higher than 0.5. The Avrami
exponent close to 0.5 suggests a diffusion controlled process, with one-dimensional growth
where the nucleation sites are rapidly used up.’® This interpretation seems consistent with the
synthesis method in that all the catalytic palladium sites would be rapid plated over with nickel
with no further nucleation. Diffusion controlled growth seems consistent with a precipitation

reaction.

2.3.5. Film Thickness Control.

With the ability to control the diameter of the nanowires, control over film thickness was
explored next. Intuitively the thicker the starting phage gel is, the thicker the resulting
mineralized scaffold should be. Given the high water content of hydrogels, upwards of 99%, a
contraction of film thickness due to water loss and capillary forces is expected similar to that
observed with sol-gels.** The nanowire scaffold film thicknesses were measured using
profilometery for range of phage concentrations of 1x10" to 1x10"pfu/ml and the metal
reduction times investigated in Section 2.2.4. An average of 96.4+3.4% thickness reduction
occurred from the starting hydrogel to dried copper or nickel film thickness. Copper nanowire
films were ion etched using a dual beam scanning electron microscope/focused ion beam

(SEM/FIB) to image the cross-sectional film thickness. Figure 2.21 demonstrates the ability to
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control a nine-fold scaling over the thickness of a copper nanowire films synthesized on E3 at a
concentration of 7x10"pfu/ml with a 6 hour electroless copper deposition. By controlling the
surface area covered by a given volume of virus solution, gels with a desired thickness can be
formed, such that when they dry, the expected water loss and thickness decrease results in a

nanowire scaffold of desired thickness. Copper nanowire films 64um thick

Det WD o 1 100 m

SE 6.4

Figure 2.21. Copper nanowire scaffold thickness scaling. SEM images were obtained
using a focused ion beam (FIB) etch to determine film thickness. Green measurement lines
are corrected for the 52° stage tilt. A) Film thickness is 7um. B) Film thickness is 13pum.
C) Film thickness is 3luym. D) Film thickness is 64um. Copper film in D) was
mechanically fractured and imaged with an ESEM.



2.3..6 Porosity Control

With the ability to control nanowire diameter and film thickness, the next parameter explored
for tunability was porosity. Given the dynamic processes and parameters involved during the
nanowire network synthesis, to include initial phage concentration, phage clone, hydrogel cross-
linking time, nanowire diameter, and method of drying, the resulting porosity is likely a
convolution of these factors. Two parameters were analyzed as possible methods to control
scaffold porosity. The first was the phage clone. Of the two virus clones used in this study, E3
and Y21M, both have identical solvent exposed proteins on the viral capsid. The Y21M clone,
however, has a mutation from tyrosine to methionine at the 21> residue on the p8 coat protein.
This site specific mutation gives the Y21M clone a persistence length of 9.9+0.7um compared to
2.8+0.7um for wild type M13."® The longer persistence length of the Y21M was hypothesized
to result in longer element lengths in hydrogel formation, and consequently result in increased
inorganic scaffold porosity when compared to the E3 bio-template. The second method used in
an attempt to control porosity was the use of freeze drying. Once the metal nanowire films were
synthesized and rinsed, the still hydrated films were subject to a freeze drying process. The
expectation was that the capillary forces created during film drying could be avoided, preserving
a higher porosity in the film. A fixed phage concentration of 7x10"’pfu/ml was used for both E3
and Y2IM clones in both copper and nickel deposition baths.

Three methods were used to analyze the nanowire network film porosities. 1) Gravimetric
analysis was performed by dividing the film mass by the film volume determined from
profilometry. A fractional comparison of the gravimetric density is made with bulk metal and
accounting for the volume of the biotemplate to determine the film porosity. 2) SEM/FIB cross-

section images were used to analyze film porosity using ImageJ software. For each full film
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thickness cross section shown in Figure 2.22, a series of more detailed images were taken with a
horizontal full width (HFW) of 5.12um. The detailed cross section images were adjusted to
maximize contrast, thresholded to identify the cross-section interfacial area, converted to a
binary image and then analyzed using the Analyze Particles function on ImageJ. The analysis
output indicates a 2-dimensional cross section porosity and surface area. An example of this
method is shown in Figure 2.22. 3) Mercury porosimetry was performed as a third technique to
determine the porosity of E3 and Y21M copper samples. The intrusion volume was determined
from the inflection point on intrusion volume versus pressure curves. The intrusion volume
represents the porous void space within the sample. The solid mass of the scaffolds was
assumed to have the density of bulk copper, 8.94g/cm’, or bulk nickel, 8.91g/cm’. The sample
porosity is determined when the sample mass is normalized by the total of intrusion and solid
volumes. The differential intrusion volume versus pore size from mercury porosimetry gives a
relative distribution of the pore sizes within the scaffolds and is shown in Figure 2.24.

The results of the three methods to determine porosity are shown in Table 2.1.
Gravimetrically determined porosities were higher than the porosities determined from image
analysis. The gravimetric porosities appear to support the hypothesis that the stiff Y21M phage
clone will yield more porous structures. The lower porosity values determined from image
analysis may result from the challenge of eliminating nanowires imaged behind the ion beam
cross-sectional plane during image processing. Binary conversion of any of background
nanowires will have the effect of increasing the appearance of nanowire volume leading to a
lower estimate of porosity. Image analysis results indicate the same trend of increased porosity

values when the Y21M stiff phage is used. The mercury intrusion porosimeter values are lower
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than those for gravimetric and image analysis and indicate the reverse trend in porosity for the
phage clone used.

The mercury porosimetry differential intrusion versus pore volume data for the E3 copper
films in Figure 2.24 indicates a large number of pores with diameters of 4um, 180nm, 95nm,
70nm and 45nm and peaks of 800nm, 450nm, 95nm and 20nm for the Y2IM clone. These peak
distributions generally follow the pore distributions observed in SEM imagery. The discrete
versus continuous pore size distribution in Figure 2.24, and lack of peaks between 95nm and
20nm for the Y21M copper films, likely results from instrument negative intrusion values at high
pressures where the total intrusion volume for a small sample mass approaches the sample
chamber compression. Based on these results, significantly more sample mass would be
required to generate more reliable porosity and pore size distribution values from mercury
intrusion porosimetry.

Based on the average porosity value of the gravimetric and image analysis, the Y21M
stiff phage provides a roughly 10% increase in porosity. The freeze drying method results in an
E3 copper film that is over 20% more porous than with ambient temperature drying. The ability
to scale the film porosity between 10-20% for a fixed phage concentration and nanowire
diameters suggests a broader range of porosity control over a wider range of those parameters.
Supporting SEM imagery not presented here also supports this idea. With 3-dimensional phage
film porosities of approximately 50% and greater, sufficient void space exists to further

functionalize the porous material.
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Table 2.1. Nanowire Scaffold % Porosity

%
E3

E3 Y21IM E3 Y2IM
Method
Cu Cu Ni Ni Cu-Freeze
%—_
Gravimetric 60.6+1.7 73.2+£9.3  49.0+0.4 66.9+8.7 89.3
Image Analysis 48.6 56.3 46.6 52.1 62.1
Mercury
Porosimetry 39.8 324 NA NA NA
Average
Gravimetric & 54.6 64.8 47.8 59.5 75.7

Image Analysis

Figure 2.22. Grayscale to binary image conversion and analysis. The FIB cross-section
is from a copper nanowire network on the Y21M clone. A) The original image contrast is
maximized. B) The image is thresholded to identify the cross-section surface area. C) The
image is converted to an 8-bit binary image for particle analysis. The nanowires are colored
black. Image scale is 5.12pum horizontal full width. This sample section has a determined

porosity of 46.6%.
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Figure 2.23. Nanowire film FIB cross-sections. A) Copper nanowires on E3. Film
thickness is 20.18um. B) Copper nanowires on Y21M. Film thickness is 29.10um. C)
Nickel nanowires on E3. Film thickness is 13.01pm. D) Nickel nanowires on Y2IM. Film
thickness is 14.00um. E) Freeze dried copper nanowires on E3. Film thickness is 31.00um.
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Figure 2.24. Mercury porosimetry differential intrusion versus pore size for E3 and
Y21M copper films. A) Differential intrusion for the E3 clone. Data peaks indicate a large
number of pores with diameters of 4um, 180nm, 95nm, 70nm and 45nm. B) Differential

intrusion for the Y21M clone. Data peaks indicate a large number of pores with diameters
of 800nm, 450nm, 95nm and 20nm.
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2.3.7. Nano-Network Conductivity.

With a tunable 3-dimensional nanowire scaffold, the next material parameter investigated was
electrical resistivity. Prior to conducting electrical measurements on the nanowire films, a basic
model was constructed to estimate expected resistivity values. The Ogston rigid fiber model
was used as a starting point to conceptualize the geometry of the 3-dimensional scaffold, or more
specifically the pore size. The Ogston model predicts that for a collection of infinitely thin rigid
fibers, the average pore size is a function of the rod length and the concentration of rods

according to the following equation.*'

D= A3)

4mtvL

Here v is the concentration of fibers, L is the length of an individual element and D is the mean
pore size. For fibers with finite thickness, the radius may be added to D. In this case, the length
of the phage cross-sectional radius of 3.5 nm was added. Equation 3 was used to determine the
average pore size over a range of phage concentrations from 1x10"”pfu/ml to 1x10"pfu/ml for a
virus hydrogel. Nanowire radii ranged up to one half of the hydrogel pore diameter. At a
nanowire radius one half the pore diameter, it is assumed that the nanowire scaffold has
mineralized to a solid mass of copper (neglecting the virus biotemplate which is less than 0.05%
mass of a 100nm diameter copper nanowire). Copper nanowires were modeled solid as wires
with a bulk resistivity of 1.68x10%Qm. Resistance of a representative cubic lpm’ volume

element was determined using the relationship,

_p
R=% (4)

In this case, the available cross sectional area is the ratio of the nanowire diameter to the pore
size. The resistance of the volume element model as a function of phage concentration (and thus

pore diameter) and nanowire diameter is shown in Figure 2.25. The gray plane is the point
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where nanowire diameters are the same length as the pore size, and the volume element
approximates solid copper. Based on the cubic 1pm’ volume element modeled, for any given
combination of nanowire diameter and initial phage concentration, the resulting resistance R can
be multiplied 10°m to determine the porous scaffold resistivity in Qm. Ultimately the resistance
and resistivity of the nanowire scale as a factor of the porosity, or cross-sectional area available
for electron flow. One interesting aspect of Figure 2.25 is that for the phage concentrations and
nanowire diameters used for both copper and nickel nanowire scaffolds, the model predicts that
the nanowires will fuse into a solid material, where porous structures were characterized by
SEM. This suggests that the hydrogel biotemplate may be more porous than the Ogston model
suggests.

The electrical resistivity of the nanowire films on silicon substrates was tested with a four
point probe. Although silicon is a semiconductor, it is many orders of magnitude more resistive
than the samples. The four tungsten carbide 40.64pum probes were spaced 1.5875mm apart. For
each sample, current was swept over current ranges of 100pA to 0.1A. Nickel and copper
nanowire films of varying thicknesses and nanowire diameters were tested and the results are

shown in Table 2.2 and Table 2.3 respectively.
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Resistance (Q )

10

Figure 2.25. Copper nanowire scaffold resistance model. The resistance of a Ium®
volume element as a function of hydrogel phage concentration (pfu/ml) and nanowire
diameter (nm) is shown on the red surface plot. The gray plane represents the equivalent
resistance of solid bulk copper, i.e. when the nanowires occupy the entire volume element.
Resistance is calculated based on the cross-sectional area of nanowires in a lpm’ cubic
element. Volume element porosity is based on the ratio of the nanowire diameter to the
Ogston pore size. Resistance decreases with increasing phage concentration and increasing
nanowire diameter.
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Table 2.2 Copper Scaffold Conductivities.

Diameter  Thickness RE@  Qsq M"?;‘:;‘)’d P I:;‘;I';)” p'“:;s""" /
(nm) (pm) bulk
15 10331 002359 011  LIOE-06 170E-08  64.96
139 1.8 001999 009  107E-06 170E-08 6274
188 20.9 001137 005  1.07E-06 170E-08  63.23

Table 2.3 Nickel Scaffold Conductivities.

Di:n‘lzter Thfcill::ess R (Q) Qlsq Me?ss;:;d P Iz;‘;:‘)p p“‘;“s“”" /
(nm) (pm) bulk
69.7 6.7 0.649 2.94 1.97E-05 6.84E-08 288.0
112.9 10.3 0.126 0.571  5.88E-06 6.84E-08 86.0
137.1 6.1 0.104 0472 2.87E-06 6.84E-08 42.0
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For both copper and nanowire films, the measured resistivity values lie within a factor of

42 to 288 of the bulk metal values as shown in the P / Pouic columns of Table 2.2 and Table

asured
2.3, where poux is 1.70x10°Qm for copper and 6.84x10°Qm for nickel. As shown in the
porosity model, the resistivity values should scale with film porosity, which taken as 50%
accounts for only a factor of 2 increase over bulk resistivity. The additional increase in
resistivity likely comes from the numerous grain boundaries present between the fused

nanoparticles observed in SEM images.

2.4 Conclusions

The 3-dimensional copper and nickel nanowire networks synthesized in this work
represent a novel approach to stochastically assemble 3-dimensional bio-templates from 1-
dimensional elements. Control was demonstrated over nanowire diameter, film thickness and
porosity. The metal networks presented resistivity values to within an order of magnitude of
their bulk material counterparts. In addition to the tunable parameters and ability to rapidly
transport electrons, the nanowire scaffolds assemble into mechanically robust free standing
films. All of these features should facilitate the incorporation of 3-dimensional phase-based
films into numerous materials engineering applications. Additionally, the synthesis process is
expected to be scalable to large area formats, possibly using roll-to-roll processing.

Further work with the 3-dimensional virus bio-template will include use for electrode
materials in lithium rechargeable batteries and mechanical characterization of the 3-dimensional
structures to determine their elastic moduli. Demonstrating these features will help lay the

groundwork for dual functional electro-mechanical materials.
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CHAPTER 3

3-Dimensional Phage-Templated Copper-Tin
Nanowire Networks for Lithium Rechargeable

Batteries



3.1 Introduction

There is much interest in high capacity anode materials such as tin and silicon for use in
lithium rechargeable batteries. With electrical storage capacities roughly a factor of 3-10 times
higher than conventional anodes, successful development of such materials would provide a
significant increase in electrical storage capability. The primary challenge with tin and silicon as
anode materials is the large volumetric expansion that occurs upon lithiation that can exceed
300%.' This large volume change during battery cycling results in repeated strain, fatigue,
cracking, and ultimately pulverization of the anode material.' Numerous strategies have been
employed to mitigate the deleterious effects from volume expansion and contraction. Nano-
architectures have provided a means to reduce particle size, and thus control the extent of volume
expansion.” Further, the use of nano-particles within 3-dimensional electrode architectures has

enabled stable capacity retention with extended cycling.™*

One of the common electrode architectures studied is that of nano-pillars synthesized on
and orthogonal to a current collecting substrate.>* The benefit of such an approach is the
significant increase in surface area when compared to a 2-dimensional substrate. The increase in
surface area relative to active material volume increases the area for lithium intercalation and de-
intercalation. Nano-sized tin or silicon particles bound to conductive metal pillars demonstrated
high rate performance for thin film applications.”  For the use of tin as an electrode material,
incorporation into a binary alloy with metals such as copper appears to result in a buffering of
mechanical strain due to volume changes, thus increasing cycle life.” > The development of the
nano-pillar electrode architecture facilitates an envisioned interdigitated 3-dimensional battery

cell that minimizes the diffusion pathway of lithium both between electrodes and within the
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active material.” While inorganic electrochemical methods have dominated the development of
3-dimensional electrodes, bio-templating has been demonstrated as a fabrication method, as well.
The tobacco mosaic virus was used to form metalized nano-pillars onto which silicon was

applied with chemical vapor deposition.®°

Another design approach to accommodating electrode material volume change includes
synthesizing active electrode material as 3-dimensional metal foams.'® The metal foam electrode
architecture offers significant void volume to accommodate tin volume expansion. Although a
3-dimensional network may not be amenable to an interdigitated integrated cell, it does offer an
even greater increase in surface area when compared on a volumetric basis to a pillar
architecture. A low-cost method to synthesizing scalable three-dimensional battery electrodes to
achieve high power and energy densities would help to advance the field of 3-dimensional

electrodes.

As demonstrated in Chapter 2, the M13 bacteriophage can be utilized as a bio-template to
synthesize 3-dimensional porous metal nanowire networks. The networks demonstrated the
ability to control 1) nanowire diameter, 2) network film thickness and 3) porosity. The 3-
dimensional copper nanowire network is attractive in that it provides a starting point to
synthesize tin nanowires via a galvanic displacement reaction. In a chemical displacement, also
known as immersion plating, a spontaneous exchange occurs between a metal substrate and a
more noble cation in solution. The addition of complexing agents can dramatically change the
free energy state of the reactants, and can even change the order of displacement.'’ While tin
possesses a lower reduction potential than copper and should not facilitate a galvanic
displacement, low pH solutions with complexants to stabilize copper ions have long been
demonstrated as a means of plating tin on copper substrates.’>* Another technique, known as
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contact plating, is to place the substrate in contact with a metal with a lower voltage potential to
provide a source of reducing electrons.”” In general, the reaction for copper to tin displacement

is,
Cu+ Sn*" —Sn + Cu** %))

Using acid to lower the pH, adding a complexing agent, or placing the copper in contact with a
lower voltage potential metal, the copper to tin displacement can proceed.'*'* Tin
electrodeposition and immersion coatings can result not only in a surface layer of tin, but also

intermetallic compounds such as Cu;Sn and CueSns at the copper-tin interface.®

Based on the tin immersion plating process, a starting hypothetical model for the
displacement of copper nanowires to tin is shown in Figure 3.1. Starting with virtually pure
copper nanowires immersed in a tin plating solution, an initial intermetallic interfacial layer
forms shown in brown in Figure 3.1. As immersion time continues the intermetallic layer
progresses inward while a pure tin layer forms on the surface. Copper-tin displacement reactions
have been observed to achieve coating thicknesses in excess of a micron.> For nanowires with
diameters less than half a micron, it is expected that given a sufficient amount of plating time the

entire nanowire mass is will displace to tin. This is shown on the right-hand side of Figure 3.1.
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000

Immersion Time
Figure 3.1. Tin immersion plating concept. Copper nanowire cross-sections are depicted
with expected compositional changes as a function of time exposure in the tin immersion
plating solution. Sequentially in time, from left to right in the figure, copper nanowires
(yellow) form a copper tin alloy (CusSny) (brown) on the exterior surface. As time
progresses, the alloy zone moves inward with tin (gray) forming on the exterior of the

nanowire. Finally, if the exposure time is sufficiently long, nanowires are expected to
completely convert to tin.

In this work we demonstrate the ability of 3-dimensionsal virus-templated nanowire
networks to serve as electrodes for lithium rechargeable batteries without the need for conductive
and organic additives. The proof of concept is the synthesis of electrically contiguous copper-
tin nanowire networks via displacement reactions for use as anodes in lithium rechargeable
batteries. Two tin plating techniques are employed: 1) high pH contact tin immersion plating,
and 2) low pH tin immersion plating. Variable time exposure of 3-dimensional copper
nanowires to the low pH tin immersion solution is shown to affect the resulting nanowire
morphology, material phase composition, and electrode performance. Although one-dimensional
SnO nanotubules have been previously synthesized on cotton fibers (ref Zhu, 2010), to the best
of the authors knowledge, this is the first report of 3-dimensionally bio-templated tin nanowires

and the first report of a three dimensional virus scaffold used as a battery electrode.
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3.2 Experimental

Hydrogel Preparation. E3 virus solutions of 7x10"pfu/ml stored in 1xPBS were pipetted onto
single crystalline silicon substrates. The virus loading factor for test samples was 10ul on an
approximately lcm’ of substrate. Substrates with phage solution were inverted and placed onto a
glutaraldehyde solution (50% Glutaraldehyde, Sigma Aldrich, CAS# 111-30-8). The phage
solution remained in contact with the glutaraldehyde solution for 30min. Cross-linked phage
solutions were removed from the glutaraldehyde solution and transferred to 1L IxPBS for 12-

24h to remove excess glutaraldehyde from the resulting hydrogel.

3-dimensional copper nanowire synthesis. Phage hydrogels were incubated in 10mM
tetraaminepalladium (II) chloride monohydrate (Sigma Aldrich, CAS# 13933-31-8) for 6 hours.
Excess palladium solution was removed by placing gels in IL, 0.IM 3-(N-morpholino)
propanesulfonic acid (MOPS) (Sigma Life Science, CAS# 1132-61-2) for 12 hours. The copper
electroless deposition solution consisted of: 0.032M CuSOQO4°5H,O (Mallinckrodt Chemicals,
CAS# 4844-02), 0.040M ethylenediamino tetraacetic acid, disodium, dehydrate (EDTA)
(Mallinckrodt Chemicals, CAS# 6381-92-6); 0.IM 3-(N-morpholino) propanesulfonic acid
(MOPS); 0.067M dimethyl amine borane (DMAB) (Aldrich, CAS# 74-94-2). Palladium
sensitized gels were placed in the copper electroless deposition solution for 6 hours and then
rinsed for 1 hour in deionized water. The resulting copper films were initially blown dry with

nitrogen gas and then allowed to dry at room temperature.

Contact immersion plating. 0.02M tin (II) chloride dihydrate (Alfa Aesar, CAS # 10025-69-1)

and 0.12M ethylenediamino tetraacetic acid, disodium, dehydrate (EDTA) (Mallinckrodt
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Chemicals, CAS# 6381-92-6) were dissolved in 0.IM sodium hydroxide. Copper nanowire
films were wetted with the tin solution. Commercial aluminum foil was placed in contact with
the wetted copper film for 2-3 minutes. The copper-tin film was rinsed in deionized water for 30

minutes and then dried at room temperature.

Tin immersion plating. Tin immersion solutions consisted of: 0.129M tin (II) methansulfonate,
50% (Aldrich, CAS # 53408-94-9) ; 0.756M sodium hypophosphite monohydrate (Sigma-
Aldrich, CAS # 10039-56-2) ; 1.05M thiourea (GE Healthcare, 62-56-6); and 0.789M methane
sulfonic acid (Sigma-Aldrich, CAS # 75-75-2). Dry copper nanowire films were immersed in
10ml of the tin plating solution for 5, 10, 15, 30, and 45 minutes. Films were then placed in
deionized water for 1 hour to quench the plating process and then dried with nitrogen gas.
Additional samples were prepared using the same tin immersion solution, but samples were
placed on a VWR mini-shaker at 140rpm for Smin during the plating process and then quenched

and dried as above.

Scanning Electron Microscope/Focused Ion Beam. A FEI Company Helios 600i Nanolab
Dual Beam SEM/FIB was used for high resolution imaging and for cross-sectional etching
samples. The FEI XL-30 ESEM (Environmental Scanning Electron Microscope) was used for

general purpose imaging.

Energy Dispersive X-Ray Spectroscopy. EDS was performed using the FEI Company Helios
600i Nanolab Dual Beam SEM/FIB. Samples were placed at a working distance of 10.5mm and

an accelerating voltage of 10kV was used. Spectra were collected and initially analyzed for peak
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identification and mass composition using INCA software. Spectra files were then exported as

text files and plotted using Microsoft Excel.

X-Ray Diffractometry. X-ray diffraction (XRD) analysis was conducted on a PANalytical
X'Pert Pro X-ray diffractometer with Cu K, radiation (A =1.54060A), a 2Theta-Omega scan axis,
and a scan step size of 80.0100s. A [° offset was used for copper film samples in single
crystalline silicon wafers to minimize silicon (100) peaks. Sample irradiation lengths varied

between 0.4 and 0.6mm. Spectra were analyzed using X’Pert High Score Plus software.

Galvanostatic cell testing. Copper-tin electrodes were dried in a vacuum chamber for 6h before
transfer to an argon glove box. Test cells were assembled using lithium foil as the counter
electrode in a coin cell. 1M LiPF; in ethylene carbonate: dimethyl carbonate (EC: DMC, 1:1
ratio) (Ferro Corporation) was used as the electrolyte with Celgard 3501 polypropylene
separators. Cells were galvanostatically tested using a Solatron Analytical 1470E potentiostat.

Currents are reported using the C-rate convention C/n, where C is the capacity per gram of
electrode active material corresponding to the theoretical capacity, and n is the number of hours
for charge or discharge. The mass of active material was determined from averaged
compositional energy dispersive X-ray analysis. Resulting cell capacities are normalized to both
the active material mass with units of mAh/g, and normalized to the electrode area with units of
mAlWcm?. Electrode area was calculated from optical photographs using the Analyze Particles

function in ImageJ software.'®
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3.3 Results and Discussion

3.3.1. 3-Dimensional Copper Nanowire Networks.

The starting point for the synthesis of bio-templated tin nanowires, is the MI3
bacteriophage. The 880nm long, 6-7nm diameter virus particle provides a high aspect ratio
building block with a high surface area to volume ratio. The E3 clone, with four carboxylic acid
residues on the N-terminus of the 2,700 p8 coat proteins offers a pH tunable charge density on
the virus surface.'” At pH values higher than the virus isoelectric point of approximately pH 4.3
the negative charge density can be increased on the phage surface.'® As described in Chapter 3,
E3 virus solutions stored in phosphate buffered saline at a concentration of 5x10"pfu/ml were
dropcast onto untreated silicon wafers. The silicon wafers with virus solution were inverted and
placed onto a solution of 50% glutaraldehyde to facilitate cross-linking of the virus particles into
a hydrogel film.

After rinsing away excess glutaraldehyde, the gels were exposed to 10mM tetraamine
palladium chloride, (NH;)4sPdCly, in order to sensitize the bio-template with catalytic sites for
subsequent copper reduction. It is believed that the complex ion [(NH3),Pd]*" electrostatically
binds the deprotonated carboxylic residues on the virus capsid p8 protein at near neutral pH
values. After excess palladium solution is dialyzed out of the virus hydrogels, the gels were
immersed in a copper electroless deposition solution (ELD) consisting of 0.032M CuSO,+5H,0,
0.040M ethylenediamino tetraacetic acid, disodium, dehydrate (EDTA), 0.1M 3-(N-morpholino)
propanesulfonic acid (MOPS buffer), and 0.067M dimethyl amine borane (DMAB). After 6
hours exposure to the ELD solution, the resulting copper films were rinsed in deionized water

and dried with nitrogen gas.
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Scanning electron microscope images of the 3-dimensional copper films are shown in
Figure 3.2. The interconnected nanowires form a contiguous porous scaffold. A focused ion
beam cross-sectional etch shown in Figure 3.2 (B) reveals the scaffold porosity from the top
surface of the film down to the silicon substrate. The copper nanowire films used for subsequent
tin displacement reactions were approximately 20um thick. The nanowire diameters were
approximately 145nm as determined from image analysis and the copper nanowire growth
curves developed in Chapter 2.

The 3-dimensional copper nanowire scaffolds were then used as the substrate for tin
displacement reactions. Two methods were demonstrated to achieve a 3-dimensional tin
nanowire networks: 1) contact immersion tin plating, and 2) low pH immersion tin plating. The
low pH immersion plating method was varied for immersion time to examine the effect on

nanowire morphology, material composition, and electrode performance.
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Figure 3.2. Scanning electron microscope images of 3-dimensional copper nanowire
network films. A) Top-down view of a copper nanowire network. The image reveals a
contiguous network of copper nanowires approximately 145nm in diameter. B) Focused ion
beam cross-section etch of 3-dimensional copper networks. The image shows the
interconnected void structure from the top of the film down to the silicon substrate at the
bottom of the image. Film thickness is approximately 19um. Scale bars are shown in the
image margins.

3.3.2. Contact immersion plating.

To initially explore the possibility of galvanically displacing copper nanowires to tin,
tin(I) chloride was dissolved in 0.IM sodium hydroxide for a final concentration of 0.02M
SnCl,. Ethylenediamino tetraacetic acid (EDTA) was added to the immersion solution to a final
concentration of 0.12M as a complexing agent to chelate copper ions as they dissolve from the
nanowire surface. With the use of a contact metal with a lower reduction potential than copper,
the complexing agent enables the displacement reaction of copper to tin to proceed in a
thermodynamically favored direction by lowering the free energy state of copper ions. When the
copper nanowire films were wetted with the tin chloride/EDTA immersion solution, no reaction
was observed to proceed. A strip of commercial aluminum foil was placed over the surface area

of the wetted copper nanowire film for 2-3 minutes. Upon removal of the aluminum foil,
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nanowire films were observed to delaminate from the silicon substrates. After the time period of
aluminum foil contact, the film color changed from copper to exclusively a dull silver color on
both the top and bottom surface of the nanowire film. The films were then rinsed in deionized
water and then allowed to dry at ambient temperature. The films were free-standing and able to
bend under the force of tweezers.

Initial material characterization was performed using a scanning electron microscope.
The contiguous nanowire morphology seen in the initial copper nanowire films shown in Figure
3.2 was observed after the contact immersion process as seen in Figure 3.3 (A). The porous
nanowire structure and inter-nanowire contacts remained intact. Energy dispersive X-ray (EDX)
mapping of the nanowire film is shown in Figure 3.3 (B-F). The composite EDX map in Figure
3.3 (B) indicates areas of relatively higher concentration tin shown in yellow boxes. The
evidence of uneven material composition from the contact immersion process is cause to
examine other tin immersion techniques, as will be done in the next section. Figure 3.3 (F)
indicates a small relative amount of aluminum evenly dispersed throughout the nanowire film.
The presence of aluminum is confirmed by the EDS spectrum in Figure 3.3 (G). Composition

analysis from EDS spectrum indicates a mass ratio of Cu:Sn:O:Al:Pd of 64.1:10.8:20.5:4.0:0.9.
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Figure 3.3. Energy dispersive X-ray spectroscopy map of tin contact immersion
nanowires. A) SEM image of the mapped area. B) EDS map showing the distribution of
Cu, Sn, O, and Al Yellow dashed boxes shown regions of relative high tin concentration.
Yellow scale bar is 7um. C) Copper distribution (red). D) Tin distribution (green). E)
Oxygen distribution (blue). F) Aluminum distribution (yellow). G) EDS spectrum.
Composition analysis from EDS spectrum indicates a mass ratio of Cu:Sn:O:Al'Pd of
64.1:10.8:20.5:4.0:0.9.

With the confirmation of tin in the nanowire films, the electrodes were packaged under

argon into coin cell assemblies using lithium foil as the counter electrode and 1M LiPFy in
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ethylene carbonate: dimethyl carbonate (EC: DMC, 1:1 ratio) as the electrolyte. The EDS mass
composition was used to approximate the mass of tin in the electrode. Although tin has a
theoretical capacity of 994mAh/g, the high oxygen content in the EDS spectrum indicates the
possibility of SnO; as a plating product. SnO, has a theoretical capacity of 781mAh/g.*
Therefore, theoretical capacity estimate of 800mAh/g was used to calculate the various charge
and discharge C-rates. C-rate is defined as the current C/n where the theoretical capacity of the
electrode is discharged in n hours. Cells were galvanostatically tested between 0.01V and 2V.
The commonly accepted mechanism for the lithiation of tin is shown in equation 1.!

Sn+xLi" +xe” s xLiSn, 0<x< 44 )

This reaction is associated with a plateau of approximately 0.4 V on discharge curves.”” When
copper is alloyed with tin for the electrode material CusSns, the discharge mechanism is thought
to proceed via two sequential steps.'*

CueSns +10 Li* S 5Li;CuSn + Cu (3)
5Li;CuSn +12Li" S 5Li4.4Sn +5Cu 4)

where reaction (3) is associated with a 0.4V plateau and reaction (3) is associated with a plateau
less than 0.1V. Delithiation during charging is associated with voltage plateaus of 0.5-0.6V and
0.8v."

The galvanostaic charge-discharge profiles for the contact immersion battery are shown
in Figure 3.4. Figure 3.4 and subsequent charge-discharge plots show capacity as a function of
mass (mAh/g) on the top horizontal axis, and as a function of electrode surface area (mAh/cm?)
on the bottom horizontal axis. The first cycle discharge shows little evidence of a voltage
plateau. However, the first cycle charge indicates the two characteristic plateaus of CusSns at

0.6V and 0.8V. Cycles 2 and 20 charge and discharge profiles indicate the characteristic voltage
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plateaus of CusSns. By the 40" cycle, the 0.4V discharge plateau is not evident in Figure 3.4 and
the corresponding 0.8V charge plateau is very small. The loss of capacity from the first to the
second cycle is significant, but comparable to other reported copper-tin 3-dimensional electrode
systems.” Some groups have ascribed the initial capacity loss of tin electrodes to electrolyte
decomposition, where the by-products coat the tin particles and prevent subsequent access by
lithium.**°

Figure 3.5 shows the electrode capacity normalized to area as a function of cycle number
and C-Rate. Figure 3.5 (A) shows the initial capacity loss during the C/15 and C/10 rates for
cycles 1-7.  The initial Cycles 15-22 show good capacity retention for the C/5 rate. Extended
cycling at C/10 for cycles 23-160 shows a gradual decline in capacity. Reasons generally
attributed to copper-tin electrode capacity loss include structural degradation of the electrode, the
inability of copper to be re-alloyed with tin, formation of lithium oxides from copper and tin
oxides present in the electrode, and the formation of a solid electrolyte interphase.'® While the
electrolyte decomposition likely accounts for the initial capacity loss, a combination of other
factors might cause the gradual capacity fade. In future studies, a scanning electron and EDS
mapping analysis may provide insight into the contributing factors.

To analyze the battery capacity as a function of discharge rate, a cycling regime of a
C/10, C/5, C/2 and 1C was performed after the first 160 cycles. As seen in Figure 3.6, the
capacity decreases to 27.5% from the C/10 to 1C discharge rate. This decrease in capacity at
higher discharge rates is larger than desired. One possible cause is the lack of a homogeneous
plating product as seen in the EDX map in Figure 3.3. A multi-phase material with numerous

grain boundaries is expected to increase the electrical resistivity and consequently decrease
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electrode high rate performance. To explore the possibility of achieving a higher quality copper-

tin electrode, a non-contact tin immersion plating technique was investigated.
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Figure 3.4. Contact immersion copper-tin electrode charge-discharge profiles.
Galvanostatic charge and discharge profiles are shown with dashed and solid lines
respectively. Cycle 1 is shown in blue, cycle 2 in red, cycle 20 in green and cycle 40 in
yellow. Electrode capacity is normalized to mass on the top horizontal scale (mAh/ g) and to
electrode area on the bottom scale (mAh/cm®). A large capacity loss is observed after the

first discharge with a more gradual capacity loss after the second cycle. A current of 8.5nA
was used.
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Figure 3.5. Contact immersion copper-tin electrode capacity as a function of cycle
number. Capacity values are normalized to electrode surface area (mAh/cm®). A) Capacity
for cycles 1-24 at the C-rates indicated on the plot. A significant capacity loss is observed
after the first cycle. B) Capacity for cycles 23 through 160 at a current of 8.5pA.
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Figure 3.6. Contact immersion plating copper-tin electrode capacity as a function of
C-rate. At cycle 160, C/10, C/5, C/2, and 1C charge/discharge cycles were conducted.
Capacities nofmalized to area (mAh/cm®) are plotted as function of C-rate. A logarithmic
fit of capacity versus C-rate is shown. Electrodes maintain 27.5% capacity when increasing
the current rate from C/10 to 1C.

3.3.3 Low pH tin immersion plating.

A low pH tin immersion solution was modified from work by Zhao, et al in order to gain
better control over the copper-tin nanowires than was seen in the contact immersion method.'*
The tin immersion solution consists of 0.129M tin (II) methansulfonate, 0.756M sodium
hypophosphite monohydrate, 1.05M thiourea (Tu), and 0.789M methane sulfonic acid. The
expected mechanism is the dissolution of copper and the deposition of tin. The complexation of
the resulting copper ions with thiourea to form [CuTus]" makes the displacement reaction
thermodynamically favorable. The immersion solution contains hypophosphite, a reducing

agent. However, previous studies have included hypophosphite as a bath stabilizing agent and
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was not believed to serve as a reducing agent in electroless deposition.'>?!

Zhao, et al
hypothesize that once the CusSns alloy forms on the surface, hypophosphite begins to reduce
stannous ions on the plating surface. This mechanism might produce the multi-phase structure
hypothesized in Figure 3.1.

Copper nanowire films used for the low pH immersion solution were synthesized using
the same method as for the contact immersion study in Section 3.3.1. Copper films were
exposed for 5, 10, 15, 30, and 45 minutes in a static tin immersion solution. The plating reaction
was quenched by transferring samples to deionized water. Once the excess plating solution was
rinsed out of the films, samples were blown dry with nitrogen gas and allowed to complete
drying at ambient temperature. For 5 and 10 minutes of immersion, samples presented a pale
copper-silver color. At the longer times of 30 and 45minutes of immersion the samples appeared
completed converted to silver color.

Sample morphology and material composition was examined using a scanning electron
microscope. The nanowire morphologies of samples at 0, 15, 30 and 45 minutes are shown in
Figure 3.7. Before immersion, copper nanowires are contiguous with a slightly rough surface.
After 15 minutes in the low pH tin immersion solution, nanowires appear to increase the surface
roughness and discontinuities are seen in some nanowires. This may be due to dissolution of
copper with uneven plating of tin in its place. After 45 minutes of exposure, the nanowire
morphology completely changed from distinct nanowires to a porous aggregation of
nanoparticles. Energy dispersive X-ray spectra were acquired to determine the relative mass of
copper, tin and oxygen. The mass composition of the samples is shown in Table 3.1. The
relative mass of copper is observed to decrease from nearly 100% to 0% by 45 minutes of

exposure in the tin immersion solution. Correspondingly, tin composition increases from 0% to

90



over 80% in the same time. Interestingly there is no copper remaining after 45 minutes in the
immersion solution and carbon is detected in the EDS spectrum, possibly due to the exposed
phage template within the nanowire cores. The oxide content is also seen to increase with time

to nearly 10% by 45 mintues.

Figure 3.7. Electron microscope images of copper-tin nanowires. Copper nanowires
were imaged as a function of time exposure to the tin immersion solution at time points of 0,
15, 30 and 45 minutes. Copper nanowires progress from contiguous nanowire structures to
aggregated, porous nanoparticles.
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Table 3.1 Mass composition of low pH immersion samples determined by EDS

Immersion Time

(min) Cu (%) Sn (%) 0 (%) C (%)
0 99.13 0 0.87 0
5 91.87 2.81 231 0
10 81.51 12.13 5.81 0
15 58.12 33.56 7.85 0
30 7.386 87.28 5.33 0
45 0 84.87 8.90 3.12

To determine the material phase composition of the resulting nanowires, X-ray
diffractometry was performed. The XRD spectra are presented in Figure 3.8 with the time
sequence progressing from the top to the bottom of the figure. The symbols used and Powder
Diffraction File (PDF) reference cards matched to the peaks designated in Figure 3.8 are shown
in Table 3.2. The sequence of XRD spectra indicate a progression from nearly pure copper at
time = 0 to a predominantly CusSns and Sn mixed phase material by 45 minutes. The
disappearance of copper over time is most evident in the reduction of the 50.5° copper peak. The
evolution of pure tin is seen in the peaks at 62.6° and 63.9° which are clearly present by 30
minutes. Mixed alloy Cug2sSns and CugSns peaks are emerge at the 5 minute time point. The
CueSns peaks at 35.0° and 56.5°, which do not overlap any other peaks, increase until 15 minutes
and then decrease in peak height as time continues to 45 minutes. During the same time frame
the convoluted pure tin and copper-tin alloy peaks increase. Copper oxide peaks resolve to a
more narrow peak width at 36.5° by 15 minutes and then disappear by 45 minutes. The time
evolution of XRD spectra suggests a progression of material phase composition shown on the

right margin of Figure 3.1.
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Figure 3.8. XRD spectra of copper-tin immersion plating electrodes. XRD spectra from
25" to 65° are shown as a function of tin immersion time. The 3-dimensional copper
electrodes at time = 0 are shown in the top spectrum (red). Peak labels are identified in the
upper right legend and correspond to dashed lines down the spectra to identify changes over
time. Copper peaks are observed to decrease with immersion time, while Sn and
Cug26Sns/CueSns increase with time. Copper oxides resolve to more narrow peaks by
t=10min and then diminish by t = 45 min. Tin oxide peaks increase over time. The nanowire
cross-sections to the right show a hypothetical spatial distribution of phases with the

progression of time.

Table 3.2 XRD Reference Card Numbers

Phase Reference Card Symbol in Figure 3.8
Cu 04-014-0265 A
Sn 04-006-2820 [
CueSns 00-045-1488 *
Cug.255ns 00-047-1575 o)
Cu;0 04-012-6327 @
CuO 01-078-0428 o
SnO 04-008-7671 m
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To determine the effect of material composition and nanowire morphology on electrode
performance, copper nanowire films exposed to the low pH tin immersion solution for 10, 15,
and 30 minutes were assembled into coin cells using the same configuration as for the contact
immersion battery in Section 3.3.1. Active material mass was determined from the EDS spectra
in Table 3.1 and C/10 rates determined using a theoretical capacity of 800mAh/g. Cells were
cycled at the C/10 rate and the discharge profiles for the 10, 15 and 30 minute samples were
plotted for cycles 1, 2, 20, and 40 as shown in Figure 3.9. To better resolve the voltage plateaus
of the Figure 3.9 profiles, the change in capacity per change in voltage, dQ/dV is plotted versus
voltage versus lithium in Figure 3.10. All samples experience a significant capacity reduction
after the first cycle, likely attributable to electrolyte decomposition as previously discussed.

The charging profiles in Figure 3.9 all indicate the characteristic 0.6V and 0.8V plateaus
for Cu¢Sns. These plateaus are also revealed in the dQ/dV plot in Figure 3.10. The discharge
plateaus and dQ/dV plots also indicate the characteristic voltage plateaus of CueSns, however,
the 0.4V plateau becomes less distinct as cycling progresses. ~ When considering the other
mechanisms that result in copper-tin anode capacity fade, this suggests the possible isolation of
copper with increasing cycles. Isolated regions of copper would be unable to re-alloy with tin
during discharge, resulting in tin that remains lithiated. This effect would manifest itself with an
incrementally decreased capacity with each cycle.

The capacity normalized to electrode surface area is plotted versus cycle number in
Figure 3.11. The 10 minute sample is seen to have a stable capacity through 65 cycles. The
15min sample maintains a higher capacity than the other samples to 20 cycles and then rapidly
deceases with further cycling. The 30 minute sample shows a steady capacity fade until battery

failure at the 23" cycle.  Electrode capacity as a function of C-Rate was determined with a
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C/10, C/5, C/2, and 1C cycle implemented after capacity stabilization. This was performed after
65 cycles for the 10 minute sample and after 35 cycles for the 15 minute sample. The rate
performance was not performed for the 30 minute sample. The capacity versus C-rate
performance is shown in Figure 3.12. Both cells maintain approximately 30% of the C/10

capacity when the rate increases to 1C.
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Figure 3.9. Tin immersion copper-tin electrode galvanostatic charge-discharge
profiles.  Tin immersion solution times are A) 10 minutes, B) 15 minutes, and 0)
30minutes. Cycle numbers are indicated by color: cycle 1 — blue, cycle 2 - red, cycle 20 -
green, and cycle 40 — green. C/10 current rates were used for all profiles with the exception
of C) cvcle 1 which was run at C/5.
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Figure 3.10. Tin immersion copper-tin electrodes, dV/dQ versus Voltage. Tin
immersion solution times are A) 10 minutes, B) 15 minutes, and C) 30minutes. Cycle
numbers are indicated by color: cycle 1 - blue, cycle 2 —red, cycle 20 — green, and cycle 40
— green. C/10 current rates were used for all profiles with the exception of C) cycle 1 which

was run at C/5.
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Figure 3.11. Tin immersion electrode Capacities versus Cycle #. Electrode capacities
normalized to area (mAh/cm®) are plotted as a function of cycle # for C/10 charge-discharge
rates. Immersion times in tin plating solution are 10 minutes (blue), 15 minutes (red) and
30 minutes (green). After initial capacity loss, the 10 minute immersion time electrode
exhibits stable capacity out to 65 cycles. The 15 minute immersion time electrode exhibits
the highest capacity for 30 cycles and then declines. The 30 minute immersion time
electrode decreases in capacity and then fails to function beyond 23 cycles.

0.45

0.40
0.35

0.30
0.25
0.20
0.15

0.10

Capacity (mAh/cm?)

0.05

0.00
0.1

C-Rate

Figure 3.12. Capacity versus C-Rate for tin immersion electrodes. The 10 (red) and 15

(green) minute low pH tin immersion samples were tested for capacity as a function of C/ 10,
C/5, C/2 and 1C discharge rates.
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When considering post immersion treatment nanowire morphology seen in Figure 3.7,
the more stable performance of the 10 minute sample seems attributable to less structural
compromise of the nanowires at shorter exposure times. In an attempt to minimize structural
compromise and at the same time maximize the mass of copper to displacement, nanowire films
were exposed to the low pH tin immersion solution with constant stirring at 140rpm for 5
minutes. Whereas the static immersion for 5 minutes resulted in a faint color change to the
copper film, 5 minutes of exposure with stirring resulted in a complete conversion to silver-tin
color. The 5 minute sample with stirring was examined with a scanning electron microscope and
an energy dispersive X-ray map acquired. The morphology of the nanowires is shown in Figure
3.13. The original copper nanowire structure appears to be preserved. Also seen are areas of
high contrast electron density of nanoparticles decorating the original structure. These nanowire
surface nanoparticles have not been previously observed in any pure copper nanowire synthesis
and are believed to directly result from the tin immersion exposure.

The EDS map and spectrum of the 5 minute with stirring sample are shown in Figure
3.14. The Cu:Sn mass ratio was determined to be 62.5:37.5. Oxygen was not observed in the
EDS spectrum.  The 37.5% tin mass composition is comparable to the 15 minute immersion
exposure without stirring. The EDS map reveals a fairly even distribution of both copper and tin,
with the EDS Sn map in Figure 3.14 (C) indicating a slight tin concentration that corresponds to

the nanoparticles observed in the SEM image in Figure 3.13.
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Figure 3.13. SEM image of low pH, 5 minute immersion sample with stirring. The low
time immersion exposure time with stirring appears to preserve the structural integrity of the
original copper nanowires. High contrast secondary electron density is seen in nanoparticles
that decorate the nanowires.
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Figure 3.14. Energy dispersive X-ray mapping of 5 minute, low pH immersion sample
with stirring. A) EDS composite map. B) EDS copper distribution. C) EDS Sn
distribution. D) EDS spectra. Mass ratio Cu:Sn is 62.5:37.5. Scale bars are 7um.
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The S minute low pH tin immersion with stirring sample was assembled in a coin cell and
tested at a C/10 rate as done for previous samples. The C/10 charge-discharge profiles and
corresponding dQ/dV plots for the cycles 1, 2, and 20 are shown in Figure 3.15. The
characteristic voltage plateaus for CueSns are observed as in the case of the non-stirred tin
immersion samples. The C/10 capacity versus cycle number shown in Figure 3.16 is similar to
the cycling of the 10 minute tin immersion exposure sample seen in Figure 3.11. While a
gradual capacity fade is observed in the 10 minute tin exposure and 5 minute stirred samples,
with similar resulting copper-tin mass ratios, the five minute stirred sample is able to perform for
a greater number of cycles. Capacity as a function of C-rate was determined with C/10, C/5,
C/2, and 1C discharges conducted after the 22d cycle. Although the sample maintained better
cycling performance compared to the non-stirred 10 minute immersion sample, the 5 minute
stirred immersion sample preserves only approximately 10% of the C/10 capacity at the 1C rate.
It is undetermined at this time why the biotemplated copper-tin anodes lose a significant capacity
at higher discharge rates. Further optimization of the rate performance will add to the impressive
capacity per square area and cycling performance of the 3-dimensional virus-templated

electrodes.
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