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ABSTRACT OF DISSERTATION
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KINETICS OF SOLUTION-SYNTHESIZED MAGNESIUM NANOPARTICLES

The demand for secondary batteries with longer cycle life and higher power is greater
now than ever. Lithium-ion batteries have emerged as the leading technology to store
electrochemical energy and power our transportation needs. By employing solution-
based nanotemplating methods, new three-dimensional cell configurations can exploit the
high-surface area of nanowire array electrodes. A key to the architecture is the
deposition of a nanoscale solid polymer electrolyte (SPE). The non-active component
must provide sufficient electrical insulation and lithium-ion conductivity between the
electro-active battery electrodes. The uniform application of the polymer electrolyte is
done in solution by the direct electropolymerization of electrochemically-active
monomers.

The first system explored was the reductive electropolymerization of a zinc vinyl-
bipyridine complex [Zn(vbpy)s]**. The electrochemical synthesis covered the surface of

planar and nanowire electrodes. Uniform deposition was observed by XPS and



electrochemical “redox-probe” experiments. During the electropolymerization, the
potentiodynamic cycle number determined the height of the polymer on the surface of a
tin-doped indium-oxide (ITO) electrode. The thickness of the polymer was measured
with an AFM *“scratch” method and by SEM profiling. A relationship between the
dielectric window and thickness of pZn(vbpy)s exemplified how the physical
characteristics of a polymer electrolyte are closely tied to the electrical characteristics.
The second system of interest was the reductive “electrografting” of polymers with
vinyl moieties. The reductive electropolymerization of glycidyl methacrylate (GMA) on
two-dimensional electrodes was successful, but the conversion to nanowires is on-going
research. Solid-state ionic conductivity, tested with a liquid metal eutectic, was observed
on Cu,Sh. lon transport wass induced by soaking the polymer in a 1M LiCIO4/PC
solution and drying. Cu,Sb modified with pPGMA can charge and discharge in solution-
based battery testing, but salt-clustering, observed with optical microscopy, in the solid-
state displayed inhomogeneous regions of ionic conductivity for pPGMA:LICIO,.
Copolymerization, an in situ doping method, was required to uniformly distribute Li-
ions throughout the SPE. The first step towards copolymerization was an in-depth
analysis of the homopolymerization of an anionic monomer. Potassium 3-sulfopropyl
acrylate (KSPA), soluble in water, was reductively polymerized onto multiple electrode
surfaces. The growth was observed electrochemically and spectroscopically (UV-Vis).
The reduction potential of the monomer on different electrodes was dependent on the
work function of the material, but all depositions of pKSPA were non-uniform and
electrically conducting. AFM and XPS measurements taken on polymer-modified 1TO

electrodes were the basis for the electrochemical island growth of anionic polymers.



Electrochemical co-reduction of pGMA with an anionic monomer, pLiMA, uniformly
deposited a polymeric layer. A “sweep-step” deposition potential profile successfully
incorporated both monomers uniformly. ATR-IR spectroscopy provided some evidence
for copolymerization. The curve-fitting analysis of the C 1s and Li 1s XPS HRES scans
definitively evidenced the presence of pGMA-co-pLiMA on the surface of Cu,Sh.
Variable-temperature solid-state impedance results indicated that the T of the copolymer
must be lowered to increase the ionic conductivity. If SPEs are to be used in Li-ion
batteries, then they must perform as well as common liquid organic electrolytes.

However, the decomposition of carbonate-based solvents for Li-ion batteries also
offered a route to a solid-state electrolyte. The decomposition of liquid electrolytes
commonly used for batteries, such as propylene carbonate (PC), ethylene carbonate (EC),
and dimethyl carbonate (DMC), produce a solid-electrolyte interface (SEI) layer on the
surface of the all battery anode and cathodes. However, capacity retention was improved
with the inclusion of the vinylene carbonate (VC) as an additive to the liquid electrolyte.
XPS HRES curve-fitting analysis illustrated the inclusion of organo-lithium salts into the
SEI when galvanostatically cycled. The solid-state electrical properties of the SEI were
dependent on the growth methods, the number of growth cycles and the potentials chosen
for growth. Solid-state ionic conductivity was established by choosing the correct
electrochemical parameters.

Finding an effective storage medium is a significant challenge facing practical use
of hydrogen as a fuel source. Light metal hydrides, such as MgH,, are a proposed
solution for the efficient storage of H, gas. The size of the solution-synthesized

magnesium nanocrystals (MgNCs) was controlled by chemical composition of the



reducing solution and the concentration of the magnesium precursor, magnesocene. The
MgNCs are characterized by XRD and TEM. Extremely fastsorption Kinetics is
hypothesized to be due to the high-number of defect sites in the crystalline metal-hydride.
The activation energy for H/D processes did not significantly change from bulk Mg.

The first solution-based in-situ doping of MgNCs with nickel (1, 5, and 20 wt%) was
accomplished with our synthetic methods. Nickel metal is a popular choice of dopant for
Mg because it is cheap ($3.20/g — Sigma Aldrich), light (compared to 2" and 3" row
TMs), and alloys with Mg to form another H,-storage material, Mg,Ni. Ni also has a
large nucleur cross-section, which permits small amounts to be detected with neutron
diffraction (in collaboration with Dr. Steve Conradson at LANL). The presence of Ni° on
the surface of the Mg NCs was detected by XPS measurements, though no crystalline
Nigm) was ever seen with XRD.

A computer-controlled H/D system, based on Seivert’s method, was built to measure
the adsorption and desorption capabilities of the MgNCs. A significant improvement in
the adsorption kinetics was expressed by the large decrease in E; from the undoped Mg
NCs (81.9 kJ/mol) to the 5 wt% Ni-doped MgNCs (15.9 kJ/mol). The adsorption and
desorption isotherms of undoped samples displayed a much slower rate with increasing
H/D cycles. The doped samples, even as low as 1 wt%, retained the same rates with
cycle number. A proposed mechanism for the formation of catalytic Ni® on the surface of
MgNCs is presented in this dissertation.

Timothy S. Arthur
Department of Chemistry
Colorado State University

Fort Collins, CO 80523
Summer 2010
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Chapter 1

ThePrieto Group’sLi-ion battery design: Implicationsfor polymer electrolytes



1.1 ThePrieto Group’sLi-ion battery design

As global energy requirements increase at an alarming rate, so does the demand for
safe, portable and high-energy devices to power the new-age of electronics’. High
gravimetric and volumetric energy densities make lithium-ion (Li-ion) batteries an
excellent electrochemical energy storage medium. A part of society where Li-ion
batteries can make an immediate, meaningful impact is the transportation sector®>.
Electric vehicles require a portable, safe and rechargeable energy storage medium with
high charge/discharge rates, high voltage and high capacity properties. One avenue of
battery research has focused on finding new battery materials*®. New electrodes with
high-storage capacities and new electrolytes with fast Li-ion transport are pushing the
frontier of the Li-ion battery capability. However, science has recently taken a large

interest in the, sometimes radical, change in properties exhibited by physically restraining

4,7-9 11-12

the size of known materials Nanoparticle solar cells'®, nanowire sensors*?*?,
nanostructured electrochemical electrodes®® and nanocrystal H,-storage materials** are
promising areas of energy research.

A route to improving battery performance is to transition from two-dimensional (2D)
thin-film technologies to three-dimensional (3D) battery architectures. For Li-ion
batteries, nanowire array (NWA) electrode materials have recently displayed capacity-
retention at extremely fast rates, capacity-retention at high cycle numbers and high-power
capabilities™>??. These exciting results are due to the larger effective surface area and the
short diffusion distance of Li* within the nanowires. Detrimental volume changes of the

battery electrodes, or pulverization, cause a drop in capacity of thin-film batteries, but

nanowires are physically less affected by the chemical intercalation/deintercaltion of Li*



ions”. The ground-up fabrication of a NWA electrode is the first step to completely
understanding the ion-diffusion, electric field gradients and electron transport in a 3D
nanowire battery.

The construction of the Prieto Group electrochemical device relies on solution-based
electrochemical methods. First, an anodic alumina (AAO) template is anodized from
Almy under specific conditions. Periodic, nanometer scale pores grow during the
anodization process until a solid, porous and insulating ceramic, Al,Os, is formed on a
thin layer of Al Prieto® details the process intricately, and current research in our lab
involves controlling pore dimensions and pore spacing. Dissolution of the remaining
metal and thermal evaporation of a metal contact onto the surface of the pores concludes
the fabrication of a conductive template for nanowire deposition. Figure 1.1 outlines the
next three steps in the process: anode nanowire growth, template dissolution, and the
electrochemical polymerization of a solid-polymer electrolyte. Finally, the battery is
completed when a cathode material, such as LiCoO,, is integrated between the nanowires
and electrical contact is made to the cathode. The single-potential deposition of Cu,Sb,
our chosen anode material, is outlined by Mosby et al.*® We are currently synthesizing

and testing Cu,Sb nanowires.

Acid/Base — . lElectropolymerization
Reference
electrode
M Counter
] electrode

Figure 1.1. Electrodeposition of anode nanowires (left), release of the nanowires by Al,O; dissolution
(middle), and electropolymerization onto the NWA electrode (right). All three steps are part of the 3 D
battery construction. Figure adapted from Prieto



In a 2004 review, Rolison et al.?® outline the advantages of moving away from thin-
film batteries, such as a significant increase in surface area between the electrodes and
the electrolyte. The increase in interfacial surface area inherently increases the number of
sites a Li-ion can inject from the electrode (electrolyte) to the electrolyte (electrode). The
concept is expressed pictorially in Figure 1.2. If we assume a conservative 10%°
nanowires/cm? for the electrochemical growth of nanowires within the pores of AAO

(reports range from 10 to 10" nanowires/cm?)?*%"28

, then the areal footprint of a thin-
film electrode has to be ~66 times larger than the NWA electrode to achieve the same
geometric surface area. The calculation is based on a 200 nm diameter wire that is 1 pm

in length, but both of those physical dimensions are adjustable during AAO anodization.

D

NWA footprint

Thin-film footprint

Figure 1.2. Footprint comparison between a NWA electrode and a thin film electrode. Both electrodes
have the same effective surface area. The calculation is based on nanowires with d =200 nmand | = 1
um, and assuming 10'° nanowires/cm? (footprint).



A battery is a series of electrically-coupled electrochemical cells. Reduction and
oxidation (Redox) reactions of battery electrodes determine the energy of a dissociated
electron (Vo - Figure 1.3). During discharge, the anode is oxidized and releases a Li*
into the electrolyte. Simultaneously, a Li" is injected into the cathode as the electrode is
reduced. The reverse process occurs when the battery is charged, only the electrical
current is supplied by an external power source. Ideally, the HOMO/LUMO separation,
or thermodynamic window, of a polymer electrolyte (Eg) is larger than the open-circuit
potential (Vo) of the battery; that is, the electrolyte should be electrochemically non-
reactive during battery operation. The role of the electrolyte is to efficiently transport Li-
ions between electrodes while maintaining electrical insulation. The challenge is to apply

the electrolyte onto the surface of the nanowires.
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Figure 1.3. Schematic open-circuit energy diagram of a Li-ion battery electrolyte. The flow of the electrons
and Li-ions is shown as the battery is charged and discharged.



The capability to apply a thin, uniform layer is the pivotal step before the integration
of the cathode material.®**3® A point of ohmic contact between the positive and
negative electrodes is an electrical short; a low resistance pathway for electrons to flow
instead of the intended load, R (Figure 1.3). A functional nanowire architecture is
dependent on the uniformity of a polymer electrolyte, but the thickness of the layer is also
very important. Fast Li-ion transport between electrodes facilitates quick charge and
discharge of the material, and a decrease in the mass of non-electroactive component will

improve the gravimetric capacity.

1.2 Requirements of a polymer electrolyte on the surface of Cu,Sb nanowires
The science of polymer electrolytes stretches across many disciplines; polymer
science, organic chemistry, inorganic chemistry and electrochemistry. In general,

polymer electrolytes for Li-ion batteries require the following:*

1. The polymer must be electrically insulating (ce < 10™° S/cm) to minimize self-
discharge of the battery.

2. The polymer must conduct Li-ions between electrodes. Reports vary, but most
agree that acceptable electrolytes have a ionic conductivity i, > 10 S/cm and a
transference number t*; = 1 (i.e., the majority of ion-flow must be due to Li-ion
transport).®3* However, in size regimes below < 500 nm, the overlap of electrical
double layers can significantly alter the transportation of ions.

3. The polymer must have a wide electrical window (> 4.0 V), so that electrolyte
degradation does not occur within the working potentials of the electrodes.

4. The polymer must be physically robust.

5. The polymer must be chemically inert.

Preferably, polymer electrolytes must also be safe, non-toxic and cheap. However, none

of those characteristics are required for a polymer electrolyte to function. Safety
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concerns are partially addressed because most polymers have a much higher flash point
than organic liquid electrolytes, and the solid layer also physically inhibits Liyy dendritic
growth.

Currently, polymer electrolytes are based on poly-ethylene oxide (PEO).***" The
initial transportation of Li-ions, discovered by Fenton et al.*, has set the standard for
separator technology since 1972. The polymers dissolution of Li-based salts, due to the
slight negative charge of the ether based linkages, is vital to battery operation. PEO’s
structure is part of our motivation for choosing poly-glycidyl methacrylate (Chapter 3) as
a target polymer. However, PEO does have drawbacks:***! 1) PEO does not work as a
dry polymer electrolyte, that is, it requires a liquid component to achieve acceptable ionic
conductivity, 2) low-molecular weight PEO requires high operational temperatures (> 60
°C) to function, and (3) PEO has not been electrochemically formed on the surface of
electrodes. Electropolymerization is a key part to our proposed solution (Chapter 1.3),
but not all monomers can be electrochemically reduced onto the surface of electrodes.
Using known systems is a method to partially screen the large library of monomers.

The list of requirements is daunting, and all the challenges are difficult to solve
simultaneously. However, electrical insulation is an intrinsic property of most polymers
that lack continuous pi-conjugation. The solid, aliphatic layer provides sufficient
electrical insulation for high-energy, lithium-ion battery electrodes, but also severely
decreases the ionic conductivity (as compared to liquid electrolytes). To remedy this
issue, research has focused on the formation of gel-polymer electrolytes (GPEs), liquid

34,41

systems trapped in a polymeric matrix. Current research in our lab involves

modifying electrodeposited layers to form GPEs.



The application of the polymer electrolyte directly to the 3D electrode surface is an
interesting challenge. Solution-cast and vapor-deposited solid electrolyte layers are
typically> 1 um or cannot be applied to large surface areas, electrostatic layer-by-layer
assemblies are not completely pin-hole free and require a long time to prepare, and the
physical and electrical characteristics of self-assembled monolayers (SAMS) are very
surface specific.?® The challenge is compounded by the limitations of the architecture.
The nanometric spacing of electrodes requires the application of an ultra-thin layer to
maximize the short Li-ion diffusion from anode to cathode. Optimization of battery
dimensions will ultimately be a combination of calculations: 1) matching anode and
cathode volumetric capacity, 2) balancing ohmic losses in nanowire conductivity with
nanowire length, and 3) maintaining electrical insulation between electrodes. Figure 1.4
illustrates how certain properties of a polymer electrolyte will effect Li-ion diffusion. In
the ideal case, Figure 1.4a, the polymer electrolyte thickness is optimized so that Li-ion
diffusion is one-dimensional and uniform along the surface of the nanowire. If the
polymer electrolyte is too thin, Figure 1.4b, then electron tunneling through the dielectric,
quick self-discharge of the electrodes and shorting of the battery are all possible
detriments to battery characteristics and/or operation. If the electrolyte is too thick,
Figure 1.4c, then the usefulness of the nanowire electrodes is diminished by preferential
diffusion of Li-ions. In this case, the diffusion length through the electrolyte is shortest
between the tips of nanowires, and Li-ions will selectively diffuse across the least
resistive pathway. The non-uniform diffusion of Li-ions decreases the power and rate

capabilities of the battery below a thin film electrode of the same footprint. The



detrimental effects are caused by the smaller effective surface area of the battery and the
added weight of the ineffective polymer electrolyte.

Uniform Li-ion diffusion can also be disrupted by chemical inhomogeneities in
polymer films. Mixed-polymer systems and salt-doped polymer systems, synthesized in
situ or physically mixed in solution, have regions of high and low ionic conductivity.
The concept has been portrayed through nanoscale conductivity measurements
(performed with a conducting-probe AFM), TEM/EDX in situ mapping of ion-dynamics,
and theoretical simulations.  Physical uniformity must be matched by chemical
homogeneity of the polymer electrolyte. One method to achieve uniformity is to
homopolymerize an ionically conducting polymer (Chapter 2 and Chapter 3); however,
pathways of preferred ionic conductivity are unavoidable in mixed systems. The
challenge is to dimensionally minimize regions of low ionic-conductivity and to
uniformly distribute the regions.

The final limitation for the successful deposition of a polymer electrolyte is the
electrochemical stability of the anode, Cu,Sbh. In aqueous solutions, cyclic
voltamogramms of Cu,Sh show a stripping peak at Eya = 0.125 V (vs SSCE), but the
onset of oxidation current begins at E, = -0.5 V (vs SSCE). The Cu,Sb electrode
potential must remain at more reducing potentials, < -0.5 V (vs SSCE), to avoid
electrochemical stripping of the anode material from the current collector. Cu,Sb
stripping potentials narrow the voltage window for the chosen deposition method,
electropolymerization; that is, monomers must be electrochemically polymerized from

solution without oxidizing the anode.



Figure 1.4. Li-ion diffusion between NWA battery electrodes when a) the spacing between the
electrodes is optimized, b) the spacing between the electrodes is too thin, and c) the spacing between the
electrodes is too thick.

1.3 Electropolymerization as a route to conformal coatings of electrode surfaces
Though the literature is extensive for the electro-synthesis of insulating or conducting
polymers, the reductive polymerization and subsequent testing of a solid electrolyte onto
the surface of an intermetallic electrode is unexplored. Electropolymerization is a soft-
chemistry route to modification of electrode surfaces with high-surface area and non-line
of sight geometries****. Surface modification through electrochemical means can be
accomplished through oxidation or reduction of either the monomer, or an initiator, in
solution. The electrochemistry has been extensively studied for the electrochemical
growth of polythiophenes and polyanilines, as well as work done with the
electropolymerization of metal vinyl-bipyridine (vbpy) complexes reported by Murray et

al. Since their discovery in the early 1980°s*2

, the electropolymerization of metal
complexes with vbpy ligands have been studied as optical layers, within GPE’s and as
agents for kinetic control of catalytic reactions at electrode surfaces. More recently,

Rolison et al. used self-limiting electropolymerization as a means to uniformly modify

10



the micropores of MnO, aerogel electrodes. That research has been extended to the
fabrication of a nanocapacitor with exceptional properties.>® Other groups have
synthesized nanotubes and nanowires of conducting polymers by electrochemical
polymerization within the pores of various ceramics.*®**

We hypothesize that reductive electropolymerization is an effective method to apply a
polymer electrolyte to the surface of Cu,Sb. lonic functionality in dielectric polymer
layers can be achieved through the following: 1) chemical funtionalization of grown
polymer films (Chapter 2), 2) salt-impregnation (Chapter 3.5), and 3) copolymerization
with an anionic monomer (Chapter 3.11). The advantages and draw-backs to each option
are explored later in this dissertation. A library of reductively electropolymerizable
monomers can be found by researching the literature, a natural starting point for our
investigation. By conducting new experiments on known/slightly modified systems, we

can explore the validity of our hypothesis and make significant progress towards the

production of a 3D Li-ion battery.
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Chapter 2

Conformal coating of nanowire arrays via electroreductive polymerization
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2.1 Abstract

One of the mgjor challenges facing the development of nanoscale devicesis the ability
to uniformly modify high-aspect ratio electrodes. Here, we utilize electroreductive
polymerization as a route to conformally coat high aspect ratio nanowire arrays as a step
towards the incorporation of ultrathin polymer coatings on high surface area electronic

devices.

2.2 Introduction

There are many examples of high-surface area materials that exhibit improved
performance over their bulk counterparts, particularly for applications where a small
footprint is desired’. Though significant advancements have been made in the realm of
nanostructured inorganic materias™, new work has focused on the incorporation of
polymer eectrolytes at small length scales>” Key to the incorporation of polymer
electrolytes onto high surface area electrodes is conformal coating with the absence of
pinhole defects, which could lead to electrical shorts or inhomogeneous electric fields or
ionic diffusion rates’.

Electropolymerization is a powerful route to coating electrodes for use as actuators’,
capacitors™, sensors™, and batteries'. The ability to uniformly modify three dimensional
surfaces and control the thickness of the polymer layer is an essential step to creating a
conformal coating on conducting substrates. These coatings can be electrically or
ionically insulating or conductive, depending on the desired applications. Here we show
that the electropolymerization of poly-[Zn(4-vinyl-4 methyl-2,2 -bipyridine)s] (PFe)2

results in the conformal coating of high aspect ratio nanowire arrays without the presence
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of pinhole defects. This polymer adheres well to a variety of nanowires, exhibits a large
breakdown voltage (making it a very good dielectric coating), and can be tuned in
thickness.

We chose [Zn(4-vinyl-4 methyl-2,2’-bipyridine)s] (PFes). as a potential target for a
polymer coating for three reasons. First, the complex’s metal-based oxidation, Zn*"*",
requires a high potential, making it an interesting alternative to the well-studied redox

active ruthenium and osmium ana ogs.****

Second, the large electroinactive window of
the polymer is critical for separating electrodes to prevent shorting. Third, the
el ectropolymerization of the zinc tris(vbpy) complex is areduction-based polymerization,
achieved by applying a negative potentia to inject electrons into the bipyridine rings.

Thisis key for many electrode materials that are prone to electrochemical oxidation.*

2.3 Experimental
Synthesis  of  4-vinyl-4'-methyl-2,2*-bipyridine and [Zn(4-vinyl-4'-methyl-2,2"-
bipyridine)s] (PFe)2: The synthesis of the ligand and the zinc complex were both taken

>1 " The purity was confirmed with *"H_NMR before proceeding with

from literature’
€l ectropol ymerization experiments.

Nanowire Synthesis:. The syntheses of nanowires were adapted from previously
reported methods'”?°.  Porous anodic alumina (AAO) templates were obtained from
Whatman (100 nm pores, 13 mm circles) and 3-5 nm of chromium followed by 1-1.5 um
of copper (or gold) was thermally evaporated on one side as a back electrode (Denton

Vacuum BTT-IV Evaporator). Electrical contact was made to the evaporated metal by

attaching a copper wire with colloidal silver paint (Ted Pella — isopropanol based).
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Nanowires were deposited in a three electrode cell, with a SSCE reference electrode, a
platinum mesh counter electrode and the AAO working electrode. For copper, the 10 mL
reaction solution consisted of 0.627 M CuSOy in 18 Q (Millipore) H,O and 1 mL of
concentrated H,SO,. The AAO working electrode was submerged in the reaction
solution until the open-circuit potential (E,;) remained constant over 5 minutes. The
potential was held at 0.3 V below the E, for 450 s to yield copper nanowires ~5 pm in
length and 100 nm in diameter. The solution was stirred during the deposition (~100
rpm) to replenish reactants to the pores of the AAO template. Platinum nanowires were
synthesized in a similar manner, only the 10 mL deposition solution used was a 0.01 M
H,PtCls solution with 1 mL of HCIO4 (70 wt.%). The potential was cycled between
+0.463 V and -0.237 V (vs SSCE) at 0.05 V s™ for 60 cycles to yield platinum nanowires
~3.5 um long and ~100 nm in diameter. Metallic nanowires were characterized with
scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and
powder X-ray diffraction (XRD).

Nanowire Electrode Fabrication: Once the nanowires were grown, the templates were
removed from solution and thoroughly washed with distilled water and ethanol. The
conducting back of the AAO electrode was then attached to the conducting side of ITO
glass with water-based colloidal graphite (Aquadag, Ted Pella) and dried in vacuo for 2
hs. Once dried, epoxy (TorrSeal), chemically inert in CH3CN solutions, was used to
cover both the AAO template and the ITO conducting glass so that only ~1 cm? area of
the template was exposed. The epoxy was then left to dry in open air for 24 hrs, after
which the electrode was immersed in aqueous 1 M NaOH at 50 °C for 1 h to release the

nanowires. Copper and platinum nanowire array (NWA) electrodes were both
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synthesized in this manner. Figure 2.1 is a process schematic of the NWA electrode

fabrication.

Conducting ITO Glass (Delta Tech. 13 ochm)

\ MNon-conducting
Epoxy (TorrSeal;

/ Nanowires within AA

Water-based colloidal Graphite Dissolution in 1M NaQOH for 30
(Ted Pella - Aquadag) minutes

Free-standing Nanowires

Figure 2.1. Schematic depicting the construction of nanowire electrodes used for polymer modification.
The 2-dimensional surface area of the free-standing nanowires was kept to ~1 cm?.

Electropolymerization of [Zn(4-vinyl-4' methyl-2,2’ -bipyridine)s] (PFg).:
Electropol ymerization was achieved by utilizing a three-electrode Van Duyne cell where
all oxygen was evacuated by bubbling acetonitrile-saturated nitrogen through the 0.1 M
TBAPFg/CH3CN before polymerization. In all cases, a platinum wire was used as a
counter electrode and the reference electrode was a saturated sodium calomel electrode
(SSCE). Additionally nitrogen was blown over the cell during the eectrochemical

experiments to minimize oxygen contamination. Oxygen evacuation was confirmed by
18



taking a background cyclic voltamogramm between O V and -1.2 V vs SSCE. All
electrochemical and solid-state electrical measurements were done on a CH Instruments
650 potentiostat/gal vanostat.

Physical characterization of polymer thin-films, nanowires and polymer-modified
nanowires. Scanning electron microscopy (SEM) (JOEL JSM 6500F) was utilized to
characterize the nanowires, before and after polymer deposition. The accelerating
voltage of the electron beam was lowered to 3 keV during imaging of polymer films due
to excessive charging of the non-conducting polymer.

X-ray photoelectron spectroscopy (XPS) (Phi 6500) was used to characterize the
surface of the different electrodes. Measurements were performed with a 5800 series
Multi-Techniqgue ESCA system and analyzed using Multipak software. An Al
monochromatic source operating at 350.0 W was scanned at a pass energy of 58.7 €V in
intervals of 0.125 eV step™ over the range indicated on the spectra. High resolution XPS
was performed using a signal to noise ratio of at least 100:1 for the films and 50:1 for the
nanowires.

The thickness and topography of the polymer films were analyzed using atomic force
microscopy (AFM) (Alpha NSOM with contact mode capabilities) of the as deposited
films on 0.1 cm?-patterned tin-doped indium oxide (PITO) substrates. Established photo-
lithographic methods were used to accurately etch the surface of the conducting glass
electrode.” Analysis of the topography was achieved on an 100 pm x 100 pm area, and
the height was determined using the scratch method: A clean razor was used to scratch
through the polymer film to the PITO substrate and a depth profile of the scratch was

taken from two scratches on three separate electrodes to yield the mean thickness and

19



error. This method has been used before successfully to determine film height on a two-
dimensional surface.®

Solid-Sate Linear Swveep Voltammetry: Electrical measurements done on nanometer
thick layers were adapted from methods found in the literature.®?* A Ga-In liquid metal
eutectic (Sigma-Aldrich, used as received) was used to make contact to the bare and
polymer covered PITO. Tungsten wire, pre-wetted by immersion into the Ga-In eutectic
for 30 s, was then used to contact the liquid metal on the surface of the electrode. All
solid-state electrical measurements were done in an No-filled glove-box and the bare ITO
was positively biased.

“ Redox-probe”’ experiments: The complexes [Ru(2,2',2" -terpyridine),](PFe)2,
[Co(cyclopentadienyl),] (PFs) (Elliott Group — CSU) and [Fe(cyclopentadienyl),]
(Aldrich, used as received) were used to make a 10 mM solution in 0.1 M
TBAPF;\CH3CN. The three electrode cell was comprised of a platinum mesh counter
electrode, Ag/AQCI reference, and the stated working electrode. Cyclic voltamogramms

were scanned at 0.05V st.

2.4 Results and Disucussion

The synthesis of the ligand, 4-vinyl-4 methyl-2,2'-bipyridine (vbpy), has been
reported™, as well as the synthesis of the zinc tris(vbpy) complex sat.® A typica
potentiodynamic polymerization is shown in (Figure 2.2). As seen in the literature™?,
the current response increases as more polymer is deposited with each cycle. The

current-growth reflects the increase in the electroactive surface area of the electrode as

the polymer is deposited. We observe that Znm plating onto the working electrode
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Figure 2.2. Cyclic voltammogram (CV) of the potentiocycling polymerization of 1mM [Zn(4-methyl-
4'-vinyl-2,2'-bipyridine)s] (PFs), onto a 0.1 cm? platinum button electrode a 0.2 V s* in 0.1 M
TBAPFs/CH1CN (Ref: SSCE and Aux: Pt wire). The increased current with cycle number is typical of
polymer growth onto an electrode.

occurs when potentials more negative than ~-1.70 V vs SSCE are applied.

The electrodeposition of Zny, and the broad peak associated with the polymer film
renders electrochemical determination of polymer thickness unreliable. We used atomic
force microscopy (AFM) to establish the thickness of the polymer films as a function of
cycle number. AFM experiments were conducted in contact mode. Thickness was
measured across scratches made in the polymer film with arazor blade. With a monomer
concentration of 1 mM, and an electrode (PITO) surface area of 0.1 cm?, we show that

the thickness of the polymer film varied linearly with cycle number up to twenty cycles
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Figure 2.3. @) SEM image of the polymer layer on an ITO surface. b) Top-down AFM image of the
topography of a scratched thin polymer layer on an etched ITO surface (100 um x 100 um). The
height of the polymer is measured by taking a c) line profile perpendicular to the scratch. For
potentiocycling depositions, the experiment depicted a d) linear relationship between cycle number
and polymer height. Error bars were obtained from 1 sigma analysis of two scratches on three
separate samples.

(Figure 2.3). Scanning electron microscopy was used to confirm these measurements by
imaging a cross section of apolymer coated I TO surface (Figure 2.38). This correlation
IS not rigorous on nanowires due to the inherent differences in diffusion profiles when
depositing on nanowires versus a planar electrode, however it is a useful guide for
estimating the number of cycle numbers required to achieve an approximate thickness.
We tested polymer coatings deposited on both films and nanowires arrays. Meta

substrates were made by thermal evaporation. Nanowire arrays were synthesized by
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electrodeposition of copper into porous anodic auminum oxide (AAQO). A thick layer of
gold or copper was evaporated onto one side of the AAO templates. A copper wire was
then attached with silver paint. The entire metal surface on the back of the AAO was
painted with water insoluble, electrically insulating nail polish. Copper wires were then
deposited in the AAO pores, and the alumina template was selectively dissolved away
resulting in free-standing wires (Figure 2.4a).*"*° Since the nail polish used is soluble in
acetonitrile (the solvent used in the electrochemical polymerization), a different electrode
was used in preparing the polymer-coated nanowires. These el ectrodes were constructed
(Figure 2.1) by placing the AAO on astrip of conducting ITO glass (Delta Technologies,
13Q) and covering the surrounding ITO with a non-conducting epoxy (TorrSeal) whichis
insoluble in acetonitrile.

The scanning electron microscopy images of the copper wires before and after
polymerization are shown in Figure 2.4a and b. The micrographs exhibit a uniform
change in morphology for the coated wires versus the as-deposited nanowires. However,
imaging techniques are not sensitive to low numbers of defects.

We chose to conduct redox-probe experiments, with similarly synthesized platinum
NWA electrodes™, since this technique should be sensitive to pinholes in the polymer
coatings®’. Figure 2.4c-f shows the redox activity of two species of different sizes and
charges. The smaller, neutral ferrocene exhibits electroactivity on the polymer-coated
electrodes, albeit significantly attenuated relative to each corresponding bare electrode.
Moreover the wave shape is consistent with restricted diffusion ostensibly through the
molecular-dimension pores of the polymer. In contrast, the electrochemical activity of

the larger, positively charged [Ru(2,2’,2’ -terpyridine),]*" species appears to be totally
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Figure 2.4. SEM pictures of (a) bare and (b) modified copper nanowire electrodes. CVs of a bare
(solid) and polymer modified (dashed) platinum electrode in c¢,d) 10 mM ferrocene and (e,f) 10 mM
[Ru(2,2",2"" -terpyridine)s] (PFs), at 0.05 V s’ in 0.1 M TBAPFs/CH:CN (Ref: Ag/AgCl and Aux: Pt
mesh). The voltammetric response of both the (c,e) Pt button and (d,f) Pt nanowire electrode depicts
that the polymer is capable of uniformly covering the planar and three-dimensional nanowire
architecture.
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blocked on both the planar and NWA electrodes coated with polymer.

Additionally, to determine whether the polymer is acting as an ion exclusion layer, the
voltammetric response of cobaltocenium was also measured and found to be similar to
ferrocene (Figure 2.5). Our electrochemical results, coupled with the SEM micrographs
(Figure 2.4a and b), indicate that a conformal layer of poly-[Zn(4-vinyl-4 methyl-2,2’ -
bipyridine)s](PFs). is deposited on the surface of the NWA electrodes. Figure 2.6
displays a micrograph of the entire length of polymer modified copper nanowires,
showing that the morphology and contrast is the same aong the entire length of the
nanowires, indicating complete coverage. The same polymer has aso been shown to

grow on and adhere well to copper, platinum, gold, and ITO surfaces.
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Figure 2.5. Voltammetric response of a bare (solid) and modified (dash) platinum button electrode to
10 mM cobaltocenium ([Co(cyclopentadienyl),](PFg)) at 0.05 V s' in 0.1 M TBAPFg/CHCN (Ref:
Ag/AgCl and Aux: Pt wire). The diffusion of the charged cation through the polymer layer indicates
that the polymer does not act as an ion exclusion layer.

X-ray photoelectron spectroscopy (XPS) was used to further confirm the presence of
the polymer coating on both nanowires (Figure 2.7) and films (Figure 2.8). The presence

of the Zn 2p 3/2 and F 1s peaks were used as the fingerprints for the presence of the
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polymer, and representative peaks for each metal were probed on bare electrodes for
comparison. Clear metal peaks are observed before coating, and a complete lack of the
metal peaks were observed for polymer coated nanowires and films.

Finally, a series of polymer-modified PITO electrodes were tested to examine the
breakdown voltage as a function of polymer thickness (Figure 2.9). A ~30 nm polymer

layer electrodeposited on PITO showed no appreciable current flow up to its breakdown

200 nm

Figure 2.6. SEM micrograph depicting the entire length of copper nanowires covered with the
electrodeposited polymer

bias of ~ + 3.5V, which indicates that a thin polymer layer is electrically resistive over a
large voltage window. These polymer films would serve as good dielectric coatings as
polymerized. The possibility of replacing the Zn with other divaent metals, as well as
exchanging the anions, opens the door to arange of versatile polymer films.

Murray et al. have illustrated® the capability of poly-[Zn(4-vinyl-4’ methyl-2,2’-

bipyridine)s] (PFe) to exchange Zn** with Fe** or Co?*. The chemica doping procedure
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involved soaking the films in a FeCl, solution to obtain ~40 % iron doping, or

electrochemically cycling the zinc polymer through the Fe**/Fe®* potentials to achieve
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Figure 2.7. XPS high resoltion spectra of bare (red, dashed) and polymer-modified (black, solid)
nanowire electrodes. All the spectra were cycled until the peak to noise ratio (where applicable)
reached at least 50:1.

> 95% conversion. The transparent zinc polymer was used as optical diluents for the
colored iron and cobalt films. However, the solid-state electronics of the
homopolymeric, or mixed-polymeric films, have not been studied. Materials with strong
dielectric capabilities, especially those which can be applied conformally to conducting

surfaces, are of particular interest to researchersin the field of microel ectronics.?”%
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Figure 2.8. XPS high resolution spectra of bare (red, dashed) and polymer-modified (black, solid)
planar electrodes. All the spectrawere cycled until the peak to noise ratio (where applicable) reached at

least 100:1.
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Figure 2.9. Solid-state linear sweep voltammograms poly-[Zn(4-methyl-4'-vinyl-2,2' -
bipyridine);| (PFs), of various thicknesses.

2.5 Conclusion

Controlling the dielectric window of polymeric insulators in nanoscale dimensions is
an important step in the fabrication of solid-state nanodevices, such as nanobatteries,
nanocapacitors and nanotransistors. The electrical limits of poly-[Zn(vbpy)s](PFe), IS
directly coupled to the physical characteristics of thickness and uniformity. For Li-ion
battery applications, transforming the dielectric into a solid-state Li-ion conductor is
necessary for the system to provide energy. However, batteries based on a Znim anodeis
anatural avenue because Zn** ions are present within the as-polymerized film.

We have shown that poly-[Zn(4-vinyl-4 methyl-2,2"-bipyridine)s](PFs). can be

conformally coated onto films and high-aspect ratio nanowire arrays. The coverage of the
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polymer has been examined through imaging, electrochemical, and spectroscopic
experiments. Future work will focus on further linear sweep voltammetry experiments,
impedance spectroscopy and salt-doping studies with the ultimate goal of exploring the

range of properties possible for this versatile polymer coating.
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Chapter 3

Reductive electropolymerization of acrylate monomersfor Li-ion batteries



3.1 Introduction

The techniques mastered and lessons learnt from poly-[Zn(vbpy)s] (PFs). are important
for the development of a new polymer electrolyte. Impregnating the solid electrolyte
with Li-ions after polymerization is difficult to achieve. The chemical and
electrochemical ion exchange between Zn** and Li" is not as facile as the exchange of
Zn** with Fe*™. However, introducing mobile Li-ions can be accomplished with two
other methods (Chapter 1.3), salt soaking and co-polymerization. Since the initial
discovery by Wright et al.?, extensive research in ion dissolution into poly(ethylene
oxide) (PEO) has set the standard for solid-polymer electrolytes (SPES)*®. Despite the
wide variety of polymer hosts tested, such as polyimides, polysulfones and polypyridals,
the best conductivity results for SPEs still rely on variations of the PEO structure™®. The
amorphous ether-based polymer can be solvated with high concentrations of lithium salts
(8 : 1 atomic oxygen : lithium). These qualitites may be less important for nanoscale
polymer films, as stated in Chapter 1.2. However, finding a reductively polymerizable
monomer is the first-step.

11-13

Research for systematic cathodic electropolymerization can be traced back to

work done in the late 1960s into early 1970s, however, with limited success in adhesion,

coverage and chemical stability. More recently (1992 — present)**#

, multiple groups
have pioneered work in the electrografting of vinylic monomers onto metallic surfaces.
Electrografting, a subset of electropolymerization, consists of a M-C bond formed
between electrode and monomer. Typically, adhesion between electro-initiated polymers

and the substrate is due to “sticky” Van der Waal’s forces. Researchers have conducted

multiple experiments™?%% as evidence of M-C bond formation, such as, infra-red
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spectroscopy, X-ray photoelectron spectroscopy, near-edge X-ray absorption fine
structure, and quartz-crystal microbal ance measurements.

The formation of a covalent M-C bond is one product of two competing mechanisms
during the polymerization process. Figure 3.1 displays Deniau and coworkers™ two
proposed mechanisms for the cathodic grafting of polymers. Both processes begin by

applying areducing potential to the electrode which creates a negatively charged surface.
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Figure 3.1. The competing mechanisms during the cathodic electropolymerization of
methacrylate monomers, adapted from Ref?. Electrografting isinitiated if the propagation of the
polymer can occur (left) before the repulsion of the carboanion (right).

When the monomer diffuses to the surface, heterogeneous electron transfer into the vinyl
group creates a M-C bond and a carboanion. The difference between polymer grafting
(Figure 3.1-left) and bulk polymerization (right) is the chemisorption lifetime (t) of the

electrode-bonded carboanion. If © > (kpCm)'l (where kp is the rate constant of
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polymerization and C,, is the monomer concentration), then polymer grafting process
takes place. If 1< (kpCm)'l, then desorption of the carboanion, radical-radical coupling of
two desorbed anions, and bulk polymerization occur sequentially. In both cases, t is
small due to the coulombic repulsion between the carboanion and the negatively
polarized electrode. If k, is constant for both processes, then grafting is induced by
increasing the concentration of monomer, (C, = 2 — 5 M). A combination of both
mechanisms is possible; that is, the desorbed polymer can be trapped within the chains of
the chemisorbed layer. Since grafting of a polymer is not necessary to the 3D
architecture, we did not conduct experiments to affirm M-C bond formation.

The electrografting of several vinylic monomers, has been reported since Deniau et
al.’sinitia work with acrylonitrile on metal surfaces. Sensing, decomposition-protection

ed?"#3 as motivation for the research. In those reports,

and selective grafting are all cit
the electrografting of GMA (Figure 3.2) caught our attention as a potentia solid polymer
electrolyte. The work presented here is the testing, control, and integration of e ectro-
synthesized polymers as solid electrolytes in a 3D nanowire lithium-ion battery.

The successful electropolymerization on Au surfaces is the first reason that enticed us
to choose the GMA as our neutral (contains no ionic charge) monomer. Though poly-
glycidal methacrylate (pDGMA) formation has been reported® on Au surfaces only, the
successful polymerization of pZn(vbpy)s onto different surfaces encouraged us to extend
the research to encompass a range of conducting electrodes. Second, GMA'’s structure
also includes an ether linkage which is important for lithium-salt dissolution and Li-ion

transport (Chapter 1.3). Finaly, the epoxide moiety on the tail of the monomer can also

be subjected to chemical modification after polymerization, a possible route for
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transforming pGMA from a dielectric to an electrolyte (Chapter 1.3). Therefore, pPGMA
is amenable to all of the proposed methods for inducing Li-ion conductivity: salt-
dissolution, chemica modification and co-polymerization.

Achieving ionic conductivity through copolymerization requires the intelligent
selection of both monomers. There are two reasons to choose an anionic (contains a
negatively charged group on the polymerizable portion of the molecule) monomer.
Primarily, the difficulty experienced during Li*/Zn*" exchange convinced us that Li-ion

inclusion into polymers with a cationic backbone is electrostatically unfavorable.

Neutral

X

Y
(]

Glycidyl methacrylate (GMA)
_|_

Anionic

+
K o Li*

0
\j\ O:l:ﬂ 22;0

o 0/\)
Potassium 3-sulfopropyl acrylate (KSPA)  Lithium methacrylate (LiMA)

Figure 3.2. Structure of the neutral monomer GMA (top) and the anionic monomers KSPA and
LiMA (bottom).

KSPA (Figure 3.2), in contrast, is polymerized through the vinyl group on the anion of
the ionic monomer. Therefore, the negatively charged back-bone of the polymer remains
intact while cations are exchanged®®. Polymer electrolytes for Li-ion batteries require

that the vast majority of ion flow be due to Li* movement®*®, or t'; ~ 1. The
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immobilization of the anion, achieved through co-polymerization, implies that the values
obtained for ooy @re only from the transportation of Li-ions. The ethereal oxygens found
in the [SPA] " also contribute to cation movement. The choice of anionic monomer is also
subject to the follwing constraints: 1) the monomer must be very soluble (2-5 M) in the
electrochemical solvent of choice (DMF if GMA is the neutra monomer) and 2) the
monomer must be electrochemically polymerizable in a pre-determined voltage range.
KSPA is not soluble in DMF. Attempts to synthesize and elecctropolymerize
tetramethylammonium 3-sulfopropyl acrylate (TMASPA) are ongoing. However, KSPA
is very soluble in water, and the results for agueous e ectropolymerization of KSPA are
insightful (Chapter 3.3). In 2009, Ryu et al.*® reported on the synthesis and chemical
polymerization of lithium methacrylate (LiMA). The monomer is very soluble in DMF,
and copolymerization with GMA was achieved and evidenced (Chapter 3.4). As we will
discover, the rational choice of monomer does not necessarily guarantee a functiona
polymer electrolyte. Thefield of electropol ymerization, specifically for the fabrication of
electronic, nanostructured devices, is very novel. The reductive electropolymerization
onto Cu,Sb is entirely novel, but the success of the research is vital to achieving the 3D

nanowire architecture.
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3.2 Experimental

Chemicals. Dimethyl formamide (DMF — Sigma Aldrich 99.8 % anhydrous) was
distilled over Nagy for 24 h before use. Acetonitrile (Sigma Aldrich — 99.99 % Optima
grade), tetrabutyl ammonium perchlorate (TBACIO4 — Fluka> 99.0 %), and potassium 3-
sulfopropyl acrylate (KSPA — Sigma Aldrich) were used as received. Glycidyl
methacrylate (GMA — Sigma Aldrich 99.0 %) was bubbled with N, and kept at 0 °C in a
No-filled glove box. Lithium methacrylate (LiIMA) was synthesized from literature
methods® and provided by Dan Bates (Prieto/Elliott Group).

Physical characterization - X-ray photoelectron spectroscopy (XPS) (Phi 6500) was used
to characterize the surface of the polymer-modified electrodes. Measurements were
performed with a 5800 series Multi-Technique ESCA system and analyzed using
Multipak software. An Al monochromatic source operating at 350.0 W was scanned with
a pass energy of 58.7 eV in intervals of 0.125 eV step™ over the range indicated on the
spectra.  All XPS spectra were shifted so that the adventitious C1s peak was located at
284.7 eV. <1 for all fitted peaks. Peak positions and atomic ratios are reported from
peak-fitting of the data. Scanning electron microscopy (SEM) micrographs were taken
using a JEOL JSM 6500F. Atomic-force microscopy (AFM) images were taken with a
Nanosurf EZscan AFM in contact mode. Analysis was done on the EZscan 2.0 software
package. UV-Vis measurements were taken with an Agilent 8453 spectrometer. ATR-IR

spectrawere taken with a Thermo Nicolet 380 FTIR spectrometer.
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Planar Au and Cu electrode construction: Microscope slides (Ted Pella) were cleaned in
10 vol.% HNO; for 1 h, then sonicated in DD H,O and isopropanol, and dried under No.
K apton tape (Ted Pella) was used to mask off a 1 cm? square in the pattern displayed in
Figure 3.3a, followed by thermal evaporation of 3-5 nm of chromium then 1-1.5 um of
copper or gold (Denton Vacuum BTT-1V Evaporator).

Freeze-fracture of planar electrodes: The back of the planar metal electrodes were
scored as shown in Figure 3.3b. The electrodes were then submerged in liquid-N; for 1
min, removed and snapped along the score. Polymer thickness was determined through

SEM imaging of the electrode profile.

a Au or Cu b

P

1 cm?

Figure 3.3 a) Planar geometry for Au, Cu and Pt electrodes. b) The location where planar electrodes
were scored for freeze-fracture breaking.
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Planar Pt and Pt NWA electrode deposition: Pt NWA electrodes were made with
previous methods (Chapter 2.3). Evaporated Au electrodes were used as working
electrodes in the eectrochemical growth of Pt metal. The solution was a 10 mL
deposition 0.01 M H,PtClg solution with 1 mL of HCIO, (70 wt.%). The potential was
cycled between +0.463 V and -0.237 V (vs SSCE) at 0.05 V/s for 20 cycles.

Patterned ITO, S and Cu,S electrodes: Patterned-1TO electrodes were fabricated with
previous methods (Chapter 2.3). n-type silicon electrodes were cut into 1 cm x 1 cm
squares and the rough side covered with epoxy (TorrSeal). The electrodes were then
dipped in 1 M HF for 10 seconds, rinsed with isopropanol and dried under N,. Copper
antinomide electrodes were deposited from agueous solutions at a single potential®’.
Electrodes were provided by Jake Kershman (Prieto Group). The deposition was on Cu-
fail, therefore, freeze-fracture techniques did not make a clean electrode break. Polymer
thickness measurements on Cu,Sb or Si were not taken.

Electropolymerization: GMA and comonomer depositions were performed in a three-
electrdoe cell in a No-filled glovebox. The counter electrode was a Pt-mesh and the
reference was a Ag/AgCI (sat. LiCl / DMF) electrode. The supporting electrolyte is 0.05
M TBACIO,. pKSPA was polymerized out of agueous solutions in a Van Duyne cell
(Chapter 2.3).  All electropolymerization were performed with a CHI-660C
potentiostat/glavanostat.

“ Redox-probe’ experiments: The complexes [Ru(2,2',2" -terpyridine),] (PFg). (Elliott
Group - C3U), [Co(cyclopentadienyl),](PFs) (Elliott Group - CSU), and
[Fe(cyclopentadienyl),] (Aldrich, used as received) were used to make a 10 mM solution

in 0.1 M TBACIO4\ CH3CN. The three electrode cell was comprised of a platinum mesh

40



counter electrode, Ag/AgCl reference, and the stated working electrode. Cyclic
voltamogramms were taken at 0.05 V/s.

Solid-state impedance measurements. Making contact to a thin-organic layer is a
challenging task. Following past successful procedures (Chapter 2.3), contact to a thin
polymer layer was made with aliquid-metal eutectic (Ga-In - Sigma Aldrich). However,
the surface area of contact was constrained within a glass capillary. The procedure was
adapted from Whitesides et al.*® method for contacting self-assembled monolayers.
Figure 3.4 is an optical micrograph illustrating the surface area of liquid metal contacting
aglass substrate. For temperature-dependent measurements, the electrode was heated on
top of a sand bath with a thermometer. The temperature was controlled with a hot-plate,

measurements were not taken untill the sand-bath temperature was constant for 30 min.

- -
=

. ,"Surface Area of Contact : ™,
1
@ 2 4.12mm?=4.12x102cm? /

-
———————

»

I.D of glass capillary : 3.39 mm
Diameter of eutectic : 2.29 mm

Figure 3.4. Photograph of a constrained liquid metal within a capillary tube. The contrast was changed
to dark to improve the resolution between the Ga-In/ air / capillary parts. Distances were measured
through aratio between measured caliper values and pixel counting.
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Figure 3.5 Potentiodynamic electropolymerization of 2 M GMA on a planar Au electrode. The
supporting electrolyte (SE) is0.1 M TBACIO,/DMF and the scan rate is v= 0.2 V/s.

3.3 Theédectropolymerization of GMA

The cyclic voltammograms (CVs) of the potentiodynamic reductive
electropolymerization of GMA on a planar Au electrode is presented as Figure 3.5. A
decrease in the current of the cathodic peak, Ey. = -2.3 V (cycle 1), mimics self-limiting
behavior. However, 0.31 mA/cm? of current still passes (Epc = -2.0 V) during the 10"
cycle, about 30% of the initia value. The amount of charge passed, the area under the
reduction peaks, is not consistent between samples. The values ranged from < 1% to 30
% in cycle 10. We hypothesize the inconsistent result is due to the high-concentration of
monomer used in the polymerization solution, which is much higher than monomer

concentrations in self-limiting polymer growth on surfaces. Self-limiting polymers often
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retain no charge by the 2" or 3% cycle. As reported in the literature®®, the best pGMA
films were made when the potential is cycled to the Ey.

The concentration of monomer needed, as reported® for the electrografting of GMA,
produces very interesting electrochemical responses. Typicaly, in self-limiting
el ectropolymerization, the [monomer]:[supporting el ectrolyte] is 1:50 to negate the effect
of migration (Nernst-Planck equations). Also, the effect on the viscosity of the solution
with high monomer concentration is unknown. Solution viscosity has a direct correlation
to the diffusion of the analytes. Figure 3.6 illustrates that the potentiodynamic response
of GMA in smaller, more typical self-limiting concentrations (10 mM) is much different

GMA €electropolymerization under grafting conditions (2 M).

2.0x10°
[GMA]
& 1.5x10° 2M
g Cycle | —a—
2 s Cycle 2 —e—
= 1.0x10° 7 cycle1o
=
o
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00 -05 10 -15 20 -25 -30
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Figure 3.6 Cyclic Voltammograms of 2 M GMA (filled shapes) and 10 mM GMA (empty shapes) on a
planar Au electrode. SE: 0.1 M TBACIO,/DMF and v=10.2 V/s.

The first observation about the cyclic voltammograms is that there is no corresponding

oxidation current for the reduction of GMA; thus, the reductions are electrochemically
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irreversible. The cathodic peak, Eyc = -1.80 V (cycle 1), in low concentration solutions is
+ 0.5V of the peak in high concentration solutions. The electroreduction of the 10 mM
solution displays a single peak comprised of an electron-transfer limited current rise and
adiffusion limited tail. At low concentrations, there is no indication the electroreduction
of GMA during the first potentiodynamic scan inhibits the reduction of more monomer.
The current-density at the gold electrode during cycle 10 is amost exactly the same as
cycle 1. XPS anaysis shows no polymer present on the surface of the Au electrode (not
shown). As the proposed model illustrates (Figure 3.1), the electropolymerization of
GMA requires high concentrations to form a polymer film and the polymerization on the
surface of the electrode is not self-limiting.

The electropolymerization of GMA on different surfaces is important for three
reasons. Cu,Sb is not ammenable to redox-probe experiments, high annealing
temperatures and thickness measurements, because of electrochemical oxidation,
antimony evaporation and electrode fabrication (experimental) restrictions, respectively.
Therefore, experimenting with a host of electrodes would help us avoid experimental
hurdles due to the anode material.  Figure 3.7 shows the potentiodynamic
electropolymerization of a2 M GMA solution on four different conducting electrodes.
The current response with respect to the cycle number is similar between noble metal
electrodes, such as Au and Pt, which do not form a surface oxide layer in ambient
conditions.

pPGMA can successfully deposit on a film of Cu,Sb and Pt nanowire array (NWA)
electrodes (Figure 3.7aand b). The decrease in current with increasing cycle number is

similar to the response of a planar Au electrode (Figure 3.5). If the same voltage window
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is used to deposit on a freshly cleaned n-Si electrode, then no polymer is detected (via
XPS). When the voltage window extends from -2.3 V to -3.2 V (vs Ag/AgCl), the
characteristic drop in current is observed (Figure 3.7c) and pPGMA successfully deposited
on the surface of the electrode (via XPS). Tin-doped indium oxide (ITO) is a very
attractive electrode for a variety of reasons. The conducting glass substrate is extremely

flat (rms=17 £ 8 nm) and it is very conducting (5-15 ohms, Delta Technologies).
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Figure 3.7 Potentiodynamic electropolymerization of 2 M GMA on a) Cu,Sh, b) Pt nanowires, ¢) n-Si,
and d) ITO electrodes. SE: 0.1 M TBACIO,/DMF and v=10.2 V/s.

Additionally, it is transparent, which is useful for spectroscopic measurements, and we

have followed established lithographical methods to control the conductive surface area.
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However, for the electropolymerization of GMA, using ITO as the working electrode
surface produces very inconsistent results. Figure 3.7d shows the potentiodynamic scans
of two patterned ITO electrodes (experimental) electropolymerized under the exact same
conditions. ITO 1 displays a growing current response, similar to the
electropolymerization of conducting polymers. 1TO 2 displays a decreasing current
response, much like the electropolymerization of GMA on Au or Pt electrodes. Thereis
the appearance of athick, translucent solid that is displaced from the surface of both ITO
electrodes during the polymerization or washing steps. XPS survey scans determined
that no pGMA adhered to the surface of ITO 1 or ITO 2, but the solid materia displaced
isindeed pGMA. Due to the above inconsistent electrochemical results on ITO, further
analysis was not completed. The surface, solution and electrochemical sensitivity of
GMA electropolymerization limit the options of electrode material, electrochemical
solvents and supporting electrolytes. Under the right conditions, consistent
electropolymerization on a surface is possible, including chemicaly and
electrochemically cleaned Cu,Sb. Once consistent electrochemical results were

established, we moved to measure the thickness and conformal coverage of the pGMA.

3.4 Physical characterization of pPGMA
Thickness measurements

The “scratch” method, established in the literature® and used previouly by us, was
giving unreliable thickness results. Au and Cu metal were evaporated onto the surface of
microscope slides, and the poor choice of glass substrate had unfortunate consequences.

The underlying glass has surface roughness (rms ~ 500 £ 200 nm) that makes nanoscale
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thickness determined by the scratch method unreliable. However, a freeze-fracture
method was established (experimental) utilizing SEM profile images to determine the
thickness of the pGMA on planar Au, Cu and Pt (from electrodepsition of Pt on Au)
electrodes. Due to electrode fabrication restrictions (experimental), thickness
measurements on Cu,Sb and Si were not established with this method. Figure 3.8 is an
SEM micrograph profile image of a doped and annealed pGMA:LiClO4 on Au €electrode.
Doping procedures are discussed shortly. Table 3.1 is a summary of the SEM thickness

measurements on Au, Pt and Cu surfaces.

Figure 3.8. SEM profile image of a freeze-fractured Au electrode modified with pGMA:LiClO,.
Thickness measurements were made using the JEOL 6400 software.
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Table 3.1 Thickness measurements pGMA and pGMA:LiClO,.

pGMA PGMA:LiClO,4
Electrode surface  ThicknessviaSEM  Thickness via SEM
(nm) (nm)
Au 78+ 12 160 + 15
Pt 85+ 13 172+ 12
Cu 65+ 19 135+ 21

The average thickness of pGMA on Pt is dightly larger than on Au. The polymer
films are thinner on Cu electrodes. The potentiodynamic polymerization method is a
suitable method for controlling the thickness of pZn(vbpy)s, but other methods may
produce consistently thinner layers. Optimization of the thickness of pGMA will be vitd
to maximizing the power of the three-dimensional battery, but experiments to this end are
not presented in this dissertation.

The electrochemical response pPGMA growth on electrode surfaces is different, and so
are the thickness measurements for the polymers. We have to make measurements
directly on Cu,Sb electrodes to accurately describe pGMA formation, thickness and
coverage on the anode.

Uniformity of pGMA on planar electrode surfaces

There are several methods to detect the presence of pinholesin a polymer layer. XPS
survey scans were taken immediately after drying (no heat) to detect the presence of any
macroscopic pinholesin the polymer layer. No substrate peaks were seen for Au, Pt, Cu,
or Si planar electrodes. Complete coverage of surfaces is vital due to intercalation of the
cathode material by drop-casting small nanoparticles or a sol-gel. We require that the

coverage of pGMA be on the nanoscopic level.
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To check for a conformal coating, a series of redox-probe experiments were
performed with 5 mM Fe(p>-cyclopentadiene), and 5 mM Ru(terpyridine),(PFe).. The

experiments were done with a planar Pt electrodein a0.1 M TBAPFs/CH3CN solution.

2_0,{10? L " L " 1 " 1 " 1 " 1
a
4 —=— Bare
—e— Modified
Meodified and annealed
&1“ 0.0 4 g » -
=
c
o
= i
O -2.0x10° 1 -
-4.0)(102 T T T T T T T T T T
1.0 0.8 0.6 0.4 0.2 0.0
Voltage (V vs Ag/AgCl)
2.0)(102 L 1 1 1 L L
b
] —=—Bare
—s— Modified
Modified and annealed
—~ 0.0 L
<
T
[0}] 4
=
=
O -2.0x10°4 -
-4.0x10% +——

18 16 14 12 10 08
Voltage (V vs Ag/AgCl)

Figure 3.9. Redox-probe experiments for a pGMA. CVs of @ 5 mM ferrocene or b) 5 mM

Ru(terpyridine),(PFg), were taken with bare (square), as modified (square) and annealed (triangle) Pt
electrodes. SE: 0.1 M TBACIO4/ACN and v = 0.05 V/s.

Figure 3.9 shows the importance of annealing the polymer layers to achieve better
coverage on the electrode surface. When probed with a smal neutra molecule

(ferrocene), the as-modified layer still passed ~80 % of the current-density (determined
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by peak height), while annealing the polymer at 80 °C for 12 h reduced the current to
~7%. For alarger, positively charged molecule (Ru(terpyridine).(PFg)2), the amount of
current passed was only ~33 % and < 1 % of the original value for the as-modified and
annealed layers, respectively. pGMA is a neutral polymer and a response due to charge
exclusion is unlikely. Rather, the decrease in current for the annealed films can be
attributed to a conformal coating on the nanometer scale after annealing. Rolison et al.*
suggested heat-induced crosslinking and polymer-chain reformation as two possibilities
for the increase in electrode coverage of annealed el ectropol ymerized layers. It should be
mentioned here that the Cu,Sb films tested by solid-state impedance measurements were
only annealed at 40 °C for 12 h to avoid Sbyy evaporation. The physical requirements of
uniform polymer coverage and nanoscal e thickness are achievable with pGMA.

The capability to conduct Li-ions is another vital part of a polymer electrolyte. The
process can be achieved in situ through copolymerization (section 3.3), or ex situ, by
doping the polymer with a Li-ion containing salt. Doping a polymer with Li-ion salt is
experimentally the simplest route. The solvent used must not dissolve the polymer from
the surface, but also must be capable of partially solvating the polymer to introduce the
lithium salt. Evaporation of the solvent produces a solid polymer e ectrol yte.
Solution-phase doping of pPGMA with LiClO,

To establish Li-ion conductivity in pGMA, the polymer films were soaked ina 1l M
LiClIO4/PC solution for 24 h and then annealed (experimental). The choice of GMA asa
monomer was partly due to the presence of etherea oxygens. Lithium conducting
polymers with ethereal oxygens, such as PEO, have been used successfully in

commercial batteries’. Dissolving ions within polymers preserves the electrical insulation
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of afilm and is the synthetically simplest route. The pGMA:LiClOy films were analyzed

with XPS, SS impedance measurements and optical microscopy.

XPS of pGMA and pGMA:LiClO, films

The XPS survey scans of as-modified, annealed and LiClO,-doped polymer films on
planar Au, Pt, Cu and Cu,Sb surfaces show that all the two-dimensional electrodes were
completely modified with pPGMA. Analysis of the HRES XPS scan can accurately
determine the constituents of the polymer-film. In particular, it can provide direct

evidence for salt-doping. Figure 3.10a is the HRES XPS scan over the Li 1sand Cl 2p

region.
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Figure 3.10 @) XPS HRES scans over the Li 1s and Cl 2p region and b) the XPS survey scan of a
pGMA:LiClO4 0n Au.

The presence of a Li 1s signal and the position of the Cl 2p 3/2 peak (214.5 eV)
establishes the presence of LiClO,. The lack of any substrate peaks in the XPS survey
scan (Figure 3.10b) after the doping process suggests that complete coverage of the

electrode was retained. The doping of the polymer was accomplished before annealing to
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ensure the maximum amount of salt was solvated by pGMA. No molecular probe
experiments were completed after the doping procedure, but similar effects on uniformity
are assumed when soaked or un-soaked films are annealed. Thickness measurements
after doping show a ~107 % increase in thickness (Table 3.1), consistent with literature
reports for similar doping procedures®™ .

The consistent swelling of the polymer after the introduction of ions isimportant when
designing AAO templates for NWA electrodes (Chapter 1). Optimal separation of anode
and cathode will fully maximize the 3D battery architecture. The physical characteristics
of pGMA and pGMA:LiClIO4 has met the requirements setforth by the Prieto Group

battery design, the solid-state electrical characteristics will determine if the doped-

polymer can be used as a solid-polymer electrolyte.

3.5 Solid-state electrical measurements of pGM A-modified electrodes

Making electrical contact to thin organic layers is not trivia®**. Previously, we
have used reported liquid-metal methods to contact > 15 nm films of pZn(vbpy)s. In the
experimental section, a procedure is outlined to control the surface area of Ga-In eutectic
electrical contacts. The new procedural step was key to calculating values for the ionic
conductivity (oion) Of the polymer layer.

The two solid-state measurements used to ascertain the properties of the polymer were
solid-state impedance (SS Imp) and linear sweep voltammetry (LSV). The results of a
bare, as modified and LiClO,-doped gold electrode are shown in Figure 3.11a, b and c,
respectively. The two-point AC impedance measurement of a bare Au electrode (Figure

3.114) is a point on the real impedance axis (Zra) in the Nyquist plot. That point is a
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summation of all the interfacial contact resistance in the system: 1) Wy-wire/Ga-In
interface, 2) Ga-In/Au interface and 3) stainless-steel (alligator clip)/W)-wire or Au.
The sum of these resistance values was <X10mplying that the majority of any
dielectric response could be attributed to the polymer. The LSV measurement (Figure
3.1.7a, inset) gives alinear current response when the potential was swept in the forward
or reverse direction. The resistance calculated from Ohm’s law is 2.8, which is close
to the value obtained from SS Imp measurements (3.1 Q).

The annealed pGMA layers were also subjected to solid-state electrica measurements
to determine the dielectric properties of the polymer. The Nyquist plot (Figure 3.11b)
shows a straight line that extends from Zeq = 0. The shape is characteristic of adielectric
material and can be modeled as a resistor and a capacitor in series. The theoretical

capacitance of adielectric material can be described by

£ EQA
Ctheory = do (1)

where ¢ is the effective dielectric constant of the material, &, iS the permittivity of free-
space, A is the area, and d is the distance between the electrodes. The capacitance is
obtained by a fit to the impedance data. By using (1), values for the € of pGMA were
calculated (Table 3.2). The wide variation in values for the dielectric constant may arise
from the different surfaces used to make the capacitance measurements. The ¢ values
obtained with Au and Pt (2-3), typical non-blocking electrodes used in solid-state
electrical measurements, are very similar to other polymer dielectrics. The dielectric
window of pGMA is wider than 5 V, and no dielectric breakdown is observed for the

polymer within that range (Figure 3.11b —inset). Theresult impliesthat pGMA is
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Figure 3.11 Solid-state electrical properties of pGMA. The Nyquist plots of a) bare Au electrode, b) pGMA modified and annealed Au
electrode, and ¢) pPGMA:LiCIO, modifed Au electrode are shown. The LSV results for the same electrodes are shown as insets.
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Figure 3.12. Nyquist plot of pGMA:LiClO,4 on Cu,Sb (black). The fit to the data was modeled after
the electrical circuit. Valuesfor Ry, and C were generated from the mathematical model.

capable of withstanding > 5 V difference between the anode and cathode. The voltage
difference in most Li-ion batteriesis 3.0-4.2 V.

The retention of electrical insulation during salt-soaking is essentia to the preparation
of apolymer electrolyte. The drying procedure eliminates the majority of the PC used for
doping. XPS HRES scans of the C1s region show no peak at 292.5 eV, indicative of the
carbonyl carbon in PC. This suggests that the polymer films are not plasticized by the
solvent within the analysis depth of the XPS (10-15 nm). The experimental plan includes
solution-phase introduction (drop-cast or sol-gel) of the cathode, followed by a annealing
step. Any liquid in the polymer could possibly evaporate during the annealing step and
leave porous regions within the polymer. Therefore, maximizing the ionic conductivity
in the solid-state is a key element to the 3D architecture.

Injection of Li-ions from the electrode into the polymer, diffusion of Li-ions from

anode to cathode and injection from the polymer to the counter-electrode are all essential
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processes for battery charging and discharging. The ionic conductivity of a polymer is
expressed as a hemispherical shape in a Nyquist plot (Figure 3.1.7¢c). The LSV (inset)
scans does not show a dielectric breakdown within +5 V after the doping procedure.
Modeling the impedic response with the equivalent circuit presented in Figure 3.12,
generates values for the Rion.  Theionic conductivity of the polymer isfound with
Oion = d/(A * Rion) (2)

The values are presented in Table 3.2. Vaues for the ionic conductivity of
PGMA:LiClO4 on Cu,Sb assume a 150 nm thick layer, but the difference in the cjon Of
PGMA:LiClO, on Cu,Sh is large (10°). There are two reasons that we hypothesize for
the difference. First, the model for the impedic response of Cu,Sh is dightly different
than the model used on the metallic electrodes. Since Cu,Sb can be reduced in the
presence of Li-ions, a resistance to charge transfer replaced the CPE in the impedic
model. Therefore, Ryoy could encompass the flow of ions due to reduction at the Cu,Sb
electrode. Second, the annealing step for Cu,Sb is done at a lower temperature (40 °C).
XPS scans display no substrate peaks and SS Imp determined pGMA to be an electrical
insulator on Cu,Sh. The effect of annealing temperatures on the solid-state electronic
results of GMA is not fully analyzed. The lower annealing temperature may result in
more PC being trapped between polymer chains. XPS HRES scans of pGMA:LiCIO, do
show the presence of PC on the surface, so the polymer may still retain doping solvent.
Residual solvent would increase the thickness of the polymer and decrease the resistance
to ion flow. Further investigations are needed to better understand impedic response of

pGMA:LiClO4 on Cu,Sh.
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Table 3.2. Solid-state  electrical  values of
pPGMA:LiClIO, films on different electrodes.

Oion

Capacitance

Electrode g x 10
X 10° (F) s

Au 09+04 19 2.5

Pt 1.1+05 2.6 15

Cu 50x27 8.9 3.2

Cu,Sb 19+12 391 53x10°

3.6 Discussion

The ionic conductivity of pGMA:LICIO, is far below the standard for battery
operation, but the ~150 nm thick film is far thinner than 1-100 pm thick separators. The
relevance of ionic conductivity values has been questioned when solid-electrolytes are in
the < 50 nm regime.”® We have not been able to experimentally validate this theory with
pPpGMA up to this point because we have not succeeded in growing very thin layers.
Controlling the thickness of pPGMA:LiClO,4 with temperature, pressure or electrochemical
techniques are possible avenues of research, but optical microscopy illustrates another
issue with pPGMA:LiClO,.

The distribution of salts doped into an electropolymerized layer is aso inhomogenous.
The reason is that the doping of an electropolymerized layer is heterogeneous, relying on
a solvent to only partialy solubilize the polymer and introduce ions. Figure 3.13 are
optical micrographs of Au electrodes that have been modified with pGMA (top),
pPGMA:LiClIO, (middle), and pGMA-co-pLiMA (bottom). The large regions of sat
clustering are present when the polymer is doped with LiClO,4. To fully utilize the power

of the nanowire architecture, uniform conductivity of Li-ion between the electrodes is
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required. The synthesis of pGMA-co-pLiMA is discussed later in this dissertation, but
the optical image clearly shows far smaller regions of salt clustering than the doped
homopolymer. Finding a copolymer for pGMA is the focal point of the next sectionsin

this chapter.

PGMALICIO,

pGMA-co-pLiMA

x 100 mag

Figure 3.13 Optical micrograph @) pGMA, b) pGMA:LiClO, and c) pGMA-co-pLiMA.
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3.7 The aqueous electropolymerization of KSPA

The experimental plan is to co-polymerize GMA with a lithium-ion conducting salt.
The desired properties are: 1) the monomer’s solubility in DMF 2) the monomer’s
capability to be reductively polymerized at potentials negative of Cu,Sb electrochemical
stripping, and 3) the monomer’s cation must be Li* or easily substituted with Li*. Asa
target molecule, tetramethylammonium 3-sulfopropyl acrylate (TMASPA) was chosen.
The synthetic precursor to the target molecule is potassium 3-sulfopropyl acrylate, a
water-soluble molecule with a polymerizable vinyl tail and an anionic sulfonate head
group (Chapter 3.1). Theoretically, the deposition of a thin ionomer would not require
copolymerization with GMA. The ionomer would also have to withstand the physical
and electrical restraints of a polymer electrolyte. As our group is very interested in
agueous electrochemistry, an attempt to electropolymerize KSPA out of water was
undertaken.

The potentiodynamic scans for the electropolymerization of 2 M KSPA/DD H,0 are
shown in Figure 3.14. If the voltage limits are set from 0 V to -1.20 V (Figure 3.144),
then reductive current begins to flow at a potential of E,c =-0.80 V. On the reverse scan
the appearance of two anodic peaks, Epx = -0.60 V and E,» = -0.52 V, is interesting
because the potentiodynamic electropolymerization of acrylate monomers reported in the

literature'®2%%°

, and from our own results, never display any Faradaic oxidation current.
A new cathodic peak, Eyc = -0.72 V, appears during the second cycle and the current of
Epar and Ep> grow in magnitude. The increase in current with each proceeding cycle

resembles the electrochemica growth of conducting polymer on electrode surfaces. The

Eoc peak height grows linearly up to 15 cycles, but after that point, the current remains
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constant. The peak separation between Epa and Epe, AE = 0.12 V, suggests a coupled 2
electron transfer, but the large monomer concentration creates non-ideal solution

conditions. According to the Nernst-Planck equations, migratory effects cannot be

1 L 1 1 1 1 1 9‘0’“0? 1 1 1 L 1
9.0x10°1 @ - b
6.0x10° —o—Cyclel A p L 6.0x10° - —=—Cycle1
% % —e— Cycle2 £ f Q —s— Cycle2
= +— Cycle15 l ) = +— Cycle15
T 30x10° j =
— 8 2 7
E E  3.0x10 vy
3 3
0.0
0.0
-3.0x10°
T T T T T T T T T T T T T T T T T T T T T
00 02 -04 -06 -08 -10 -12 07 -0.8 -0.9 -1.0 -1 12
Voltage (vs Ag/AgCl) Voltage (vs Ag/AgCl)
1.3)(103 1 IR SRR ST SR S T N1 1.0)(103 1 L 1 N 1 " L L 1
d d
3_
1.5%10 8.0x10™ 1
12010’ —=— Cycle1
_ T —s— Cycle1 o L | —+—Cycle2
i —e— Cycle2 é 8.0x10 +— Cycle15
?E‘ 9.0x10° +— Cycle15 = N
[} D 4.0x1071
5 6.0x10° 5
o o .
3.0x10° { 201071
0.0 0.04
T T T T T T T T T T T T T T
07 08 09 -1.0 -1.1 -1.2 -1.3 -14 -15 -0.6 0.8 -1.0 1.2 1.4
Voltage (V vs Ag/AgCl) Voltage (V vs Ag/AgCl)

Figure 3.14. Potentiodynamic cycling of 2 M KPSA/DD H,0 on an ac) PITO electrode and a d)
planar Cu electrode. The difference potential limits for CVs a-c alter the response of electrode.

discounted under such conditions. If the voltage window is narrowed from -0.75 V to -
1.20 V (Figure 3.14b), then E,. does not appear in the potentiodynamic response
indicating that the peaks are indeed coupled. Also, no observable faradaic current passed
in the voltage window of 0 V to -0.70 V (not shown). Therefore, both Eg, and Ey both

rely on theinitial reduction Eq.
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If the voltage limits are extended to a more reductive potentias, -0.75 V to -1.4 V
(Figure 3.14c), then the current response is very similar to the electropolymerization of
pPGMA. Theincreasein current, Eq, initially thought to be hydrogen evolution, forms a
peak Epx = -1.32 V (cycle 1). The cathodic signa is the initiation of KSPA. The
agueous deposition of pKSPA is possible on all surfaces attempted: ITO, Pt, Au, Cu,Sb
and Cu (Figure 3.14d) and the potentiodynamic decrease in current with each cycle is
consistent between electrodes. To simulate the electropol ymerization of pGMA (section
3.1), dl pKSPA films for future analysis were made by cycling the 2 M KSPA/DD H,0O
between -0.6 V and E,o. The position of the cathodic wave for different surfaces sheds
light on the surface-dependent energy required for direct electropolymerization of

acrylate monomers on conducting surfaces.

2.0x10° - d Epc
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Figure 3.15. Cyclic voltamogramms of 2 M KPSA/DD H,0 on a Au (square), Cu (circle) and ITO
(triangle). A comparison of the work function (ref) to peak potential between electrodes is shown
on the right.
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The preferential electropolymerization of methyl-acrylonitrile, reported by Charlier et
al.*, describes the relationship between the work-function of a material (®) and the
preferential growth of the electrografted polymer. Metals with lower work funtions
required a greater reduction potential to initiate polymerization. That theory is reflected
through the shift in cathodic peak potentials for the electropolymerization of pKSPA on
different surfaces (Figure 3.15).

The importance of having a homogenous surface for electropol ymerization is essentia
to forming a conformal polymer layer. If a surface is comprised of multiple materials,
then the monomer will preferentially polymerize on the surface with the higher work
function. Charlier et al. conlcude that composite materials will result in inhomogenous,
or selective, polymer grafting. The flat, homogenous and conducting surface of ITO

makes analyzing the physical characteristics of the anionic homopolymer simpler.

3.8 Physical characterization of pK SPA
XPS of pKSPA

An ITO electrode reduced in a2 M KSPA/DD H,0 from -0.75 V to -1.32 V (Ep)
with pKSPA is covered by an interesting, colored film. The elemental make-up of the
film was determined through XPS survey and HRES scans. Figure 3.16a displays the
HRES scans over the K 2p and S 2p regions. The elements are specific to the cation and
anion of the polymer. The peak position for the S 2p 3/2 peak (167.8 €V) is significant
because it distinguishes the sulfur in the deposited layer from any sulfide (160-164 €V)
or sulfate (169-171 eV) decomposition products. The XPS survey scan displays a strong

In 3d signal over the substrate region (Figure 3.16). The pKSPA layer is either extremely
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Figure 3.16. a) XPS HRES scans of the K 2p and S 2p regions of a pK SPA-modified ITO electrode.
The b) survey scan of the electrode display a strong substrate (In 3d) signal.

thin or leaves an exposed electrode surface. The survey scan from all electrodes tested
showed similar results for the K 2p and S 2p peak positions, but substrate peaks were also
present.

Table 3.3 gives the values for the S 2p peak positions of KSPA and of pKSPA on
different electrodes. On all electrodes, the S 2p 3/2 peak position (~167.5 eV) for the
monomer indicates that the sulfur in the polymer is in the same chemical environment as
the sulfur in the monomer. The table also gives atomic ratios between the S 2p peak and
substrate peaks. Interestingly, the polymer to substrate ratios are similar between the
electrodes, suggesting another factor besides electrode material that is controlling the
amount of polymer on the surface.

XPS spectra is the first indication that the homopolymerization of pK SPA might not
meet the stringent uniformity requirements of the 3D architecture. We wanted to

elucidate if the patchiness of the polymer is random or patterned across the surface of
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ITO. A nanoscopic structural analysis of the surface could provide vita insight about the

growth of the anionic polymer.

Table 3.3. S2p position and substrate to anion ratios of
pKSPA on multiple surfaces. Data is obtained from
curve-fit analysis of XPS HRES scans.

S2p3/2 Atomic Ratio

Sample ) (Peak) Substrate: S 2p
ITO 1678 (In3d) 95 1
Au 1677 (Au4f) 11: 1
Pt 1677 (PL4f)11:1
Cu 167.8 (Cu2p)10:1

Cu,Sb 167.8 (Cu2p)105:1
Monomer 167.5

AFM measurements of pKSPA on ITO

The benefit of electropolymerizing on an extremely flat surface like ITO is the
capability to determine the height of very thin conformal polymer layers (Chapter 2.3).
When attempting to scratch through the layer of pK SPA, avisible scratch pattern was not
apparent. Sucessful experiments using the “scratch” method to determine polymer
thickness were not accomplished. However, AFM analysisis still very useful.

Differences in the line profiles of a bare ITO electrode and one modified with pK SPA
is shown with the AFM topography micrograph in Figure 3.17. The 62 £ 29 nm rms
value for the modified electrode is much larger than the 17 £ 8 nm rms rougness val ue of
bare ITO. The AFM topography image displays no large features that would indicate
non-uniformity. The height distribution of the 25 pm x 25 um AFM image is shown in
Figure 3.18. The broader distribution for the modified ITO indicates depostion of alayer
on the surface of the ITO, but the monomodal distribution suggests that the thickness of

pPKSPA is consistent within the sample region.
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Figure 3.17. AFM topography micrograph of a pkK SPA-modified ITO electrode. The line profile of a
bare (straight) ITO electrode is compared to a pK SPA-modified (dash) ITO electrode.
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In conjuction with XPS measurements, the presence of pK SPA can be confirmed with
AFM analysis. The presence of substrate peaks in the XPS survey scans tell us that the
34 £ 5 nm features seen in AFM images are isolated islands of polymer. If we anayze
multiple line-profiles in both the x and y direction, then we see that features> 30 nm tall
are about 0.5 pm x 0.5 pm and spaced 1.7 £ 0.2 um apart. The XPS analysis-depth is
only ~10-15 nm and the detection subsrate peaks excludes complete polymer coverage.
The polymer would have to be less than 10-15 nm in height, and AFM measuremnts
show regions which are30 nm. Therefore, we conlcude that the ageuous
el ectropolymerization of KSPA produces islands of polymers on the electrode surface.

Potentiodynamic scanning for more than 15 cycles does not produce a polymer layer

with taller features; however, the polymerization solution does become very viscous.
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Figure 3.18. Height distribution of abare (straight) and pKSPA-modified ITO electrode.

Frequency

Bulk polymerization is being initiated on the electrode surface, and the multiple cycles
are electrochemically initiating polymerization in solution. Island growth of pKSPA on
ITO stops after the polymeric regions reach 34 + 5 nm in height. We will display that the
lack of sustainable growth of the polymer is also observed spectroscopicaly.
UV-Vis measurements of pKSPAon ITO

The discoloration of ITO by the electropolymerization of KSPA led us to perform a
UV-vis spectroscopic investigation of pKSPA on the surface of ITO. Figure 3.19 shows
an absorbance maxima from the polymer layer at Amax = 310 nm. The growth of the peak
is linear up to 15 cycles. This result resembles the linear growth of Ey. (Figure 3.144)
during the potentiodynamic electropolymerization of KSPA on ITO; that is, Ey stopped
growing after 15 cycles when cycled at v = 0.1 V/sec. Cycling past 15 cycles does not
produce spectra with higher Amax Values. The absorbance of the 50 cycle modified ITO

sample does have a dlightly lower absorbance between 400 nm and 600 nm.
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Figure 3.19. UV-Vis spectra of pKSPA-modified ITO
electrode.

UV-Vis measurements confirmed the growth of a layer on the surface of ITO. The
polymer thickness is limited, and AFM micrographs illustrate the uniform distribution of
polymeric regions. However, if the conducting regions between the polymer are too
prevalent, then liquid-metal methods could make direct contact to the substrate. Contact
to indiviual polymer regionsis not possible, and the electronic characteristics would be a

summation of responses over the entire liquid-metal contact (4.2 mm?).

3.9 SS electrical measurements of pK SPA-modified electrodes

All electrodes are electrically conducting when modified with pK SPA. The resistance
observed with SS impedance measurements are within the same range as the resistance
calculated with LSV measurements (5 — 15 Q), and similar to the resistance of a bare
electrode. Annealing of the electrodes at 80 °C does not ater the SS electronic
measurements. Islands of pKSPA are electrically conducting or spacially too far apart,

the latter allows for direct contact between conducting electrodes. Though the solid-state
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electrical results are disappointing, understanding the electropolymerization of a

monomer with an anionic backbone is a step towards the goal of co-polymerization.

3.10 Discussion

The agueous electropolymerization of KSPA promotes electrochemical island growth
of a polymer. The results are not unique to the electropolymerization of sulfonated-
monomer backbones. In the oxidative electropolymerization of sodium 4-
hydroxybenzenesulfonate (HBS) to make poly-4-sulfonic acid-1,2-phenylene oxide
(PSPO) by Rolison et al.*, the presence of aggregates between 20-50 nm was detected.
Though extensive cycling work was not reported, the authors clam that the
polymerization is not self-limiting and thick films of the polymer are capable of forming
on the electrode surface. The authors attribute the island growth to the presence of
oligomers that preferentially aggregate instead of adhere to the ITO surface. Here, we
continue the discussion for electrochemical growth of pKSPA.

The importance of charge in electropolymerization is first observed with the formation
of pZn(vbpy)s on surfaces. During our study of the system, we confirmed literature
reports that the 1 electron reduction of the Zn(vbpy)** monomer results in patchy
deposition. The monocationic monomer is still capable of polymerizing, but the growth
is not conformal due to the repulsive coulombic positive charge. Charge is partly
responsible for the patchy growth of pSPO. During e ectro-oxidation of HBS, the anionic
backbone is reduced to a formal charge of 0 and a uniform layer can initialy form on the
surface of the electrode. It is unknown whether the formation of clusters is driven by

attractive forces between oligomers, repulsive forces between sulfonate groups, or a
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combination of both. From that point, the aggregation of the polymer promotes island
growth. The concentration of monomer at the top of the island is higher due to the lower
solubility of monomer solution at the base of the aggregates. Once aggregates form,
preferential growth of the polymer is towards the bulk solution.

The éectro-reduction of KSPA accentuates the repulsive forces between monomer
units on a surface (Scheme 3.1a). Assuming a one electron transfer, the reduction of the
monomer increases the formal charge of the molecule to [SPA]?. The dicationic moieties
repel each other before and after the electron injection step. In contrast, the oxidized
[HBS]° does not have any coulombic repulsion during the initiation step, therefore
polymerization between the islands may occur. Rolison et al do not report the presence
of an In 3d substrate peak during XPS analysis, but there is mention of an extra oxygen
peak attributed to ITO. Of interest to note here, the physical dimensions observed for the
pSPO clusters, 1 um x 1 um, are twice as large as the pKSPA islands. The repulsion
between the pKSPA units is constant under reducing conditions, keeping large areas of
ITO exposed (Scheme 3.1b). Propagation of the polymer continues with subsequent
cycles but happens preferentially on the top of the isdlands. Growth continues until
pKSPA cannot conduct electrons to the top of the islands (Scheme 3.1c). For the
potentiodynamic polymerization of KSPA, this limit occurs ~15 cycles into the
polymerization (v = 0.1 V/s). Current still passes as island growth limits because the
monomer can still be reduced by the bare ITO regions between the islands; however,
strong coulombic repulsion forces (a combination between the negatively biased 1TO

electrode and the electro-reduced base of the polymer islands) propel the [KSPA]? into
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the bulk. The initiation at the electrode surface and bulk polymerization continues with
repeated cycling, increasing the viscosity of the solution.

The charge-driven island formation during the reductive electropolymerization of
anionic monomers does not provide the electrode coverage required for a successful
polymer electrolyte. The missing polymeric regions are too extensive; cathode materials
could hypothetically make direct contact to the anode. Later in this chapter, we
reductively electrodeposit pLiMA. The results from the homopolymerization of pKSPA
help us to understand limitations of a polymer with an anionic backbone. Interestingly,
the physical and electronic properties are similar between the two systems.

The co-polymerization of an anionic monomer with a neutral one will solve the unique
problems expressed by the homopolymerization of each monomer. To resolve the non-
uniform distribution of LiClO, in pGMA, the in situ electropolymerization of an anionic
monomer can evenly distribute ions through pGMA. The uniform deposition of the
polymer layer will be controlled by the electropolymerization of pGMA. Together, the

formation of athin and uniform polymer electrolyte is achievable.
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Scheme 3.1. Proposed formation method of pK SPA islands during the potentiodynamic polymerization
of KSPA. a) Diffusion of the anionic monomer, [SPAT, to the surface, electron injection and surface
repulsion. b) Diffusion of fresh monomer to the tops of the pKSPA islands. ¢) Repulsion of surface
initiated monomer to the bulk of the solution.
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3.11 Towar ds electro-copolymerization of polymer electrolytesfor Li-ion batteries

Important discoveries were made during in the electroreductive polymerization of
GMA and KSPA. The direct deposition of pGMA requires a clean and chemically
homogenous surface to produce conformal and thin polymer layers. Redox-probe
experiments shows that nanoscale coverage of pGMA is not achieved without annealing
the polymer at 80°C under vacuum for 12 h. The salt-doping procedures are successful in
producing a dry, polymer layer with solid-state ionic conductivity. The reductive
electropolymerization of KSPA is not conformal, and does not meet the stringent
requirements of the nanowire architecture®; that is, the coulombic repulsion of anionic
monomers promotes island growth. As a result, direct contact between the liquid-metal
eutectic and the underlying ITO creates a direct pathway for electrons to flow, and the
solid-state electronic properties of the islands could not be ascertained.

During co-polymerization experiments, Cu,Sb and Pt planar electrodes were
simultaneously modified, but annealing temperatures were decreased to 45 °C under
vacuum for 24 h. Decreasing the annealing temperature may result in solvent being
present in the polymer. Complete coverage of the electrode is illustrated via XPS, and
dielectric solid-state properties are observed for both electrodes. Here, we present
potentiodynamic observations, evidence of copolymerization via XPS, and solid-state
impedance results for the copolymerization of lithium methacrylate (LiMA) and glycidyl

methacrylate (GMA).
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3.12 Theelectropolymerization of LIMA

LiIMA has many attractive qualities as the anionic monomer for co-polymerization: 1)
it is highly solubility in DMF, 2) it is electrochemically active when scanned over similar
potentials to GMA polymerization, and 3) it is a Li-ion sat. The potentiodynamic
cycling of 0.5 M LIMA/DMF on Cu,Sb and Pt is shown in Figure 3.20a and b,
respectively. Both electrodes display a reduction and an oxidation peaks, though the

current reponse with cycle number is different for both electrodes.

6.0x10° . . ' ' : 4.0x10° ' ' . . .
a 1 b
4.0x10° - —s—Cycle 1 3.0x107 7 j i
' —e—Cycle 2 e i 4
+— Cycle 10
T 20x10°- yee g —=—Cycle 1
q-s" o i 1.0x10°4 —+—Cycle 2
:E :E +— Cycle 10
0.0-
2 2 sox10t-
3 3
3
-2.0x10 0.0
-4.0x10° s g
* et -5.0x10°
-0.5 -1.0 -1.5 -2.0 2.5 -3.0 05  -1.0 -1.5 2.0 -2.5 -3.0
Voltage (V vs Ag/AgCl) Voltage (V vs Ag/AgCl)

Figure 3.20. The potentiodynamic electropolymerization of 0.5 M LiMA in DMF on a) Cu,Sb and b)
Pt planar electrodes. SE: 0.1 M TBACIO/DMF and v= 0.2 V/s.

The electroreduction on a Cu,Sb electrode displays a broad cathodic signal, Epc = -
2.75V, and a correspondig oxidation, Eps = -1.25 V (1* cycle). The anodic peak grows
in intesity and shifts to more positive potential, Eys = -1.05 (10" cycle). During SEI
anaysis (Chapter 4), we observe the intercalation of Li-ions into Cu,Sb a 0.9 V (vs
Li/Li*). The corresponding potential is-2.3 V vs Ag/AgCl, 0.7 V less reducing than the
voltage applied to the Cu,Sh. In the presence of Li-ion salts, the Li-ion intercalation into

the electrode limits the possible reduction potential. Oxidation of the lithiated anode
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releases the Li-ions back into solution, but the charge passed during the experiment is a
combination of multiple processes. The reduction of Cu,Sb to LizSb happens in three
electrochemical steps, and E,c could be reflective of any or all three of the processes.
Electropolymerization on Pt shows us that LiIMA is also electrochemically active in the
potential window. The results suggest that an alteration to the polymerization potentials
or method is necessary to avoid charging the anode during polymer modification.

The electropolymerization on the Pt electrode under the same potential limits is much
different. On P, the cathodic peak, E,c = -2.15 V, and the anodic peak, Eps = -1.25 V,
decrease in intensity as the electrode was cycled between -0.8 V and -3.0 V. The
decrease in charge passed is similar to the potentiodynamic cycling of pGMA and
pKSPA. Non-conformal growth of the polymer on the surface is confirmed by the
presence of substrate peaks during the XPS survey scans. The presence of a
corresponding Ep, is also adifference to be noted.

The electrochemica results from the formation of pLIMA helped us set the
potentiodynamic window from -0.8 V to -2.3 V vs Ag/AgCl. The potentiodynamic co-
polymerization of 1.5 M GMA and 0.5 M LiMA (Figure 3.20a) on Pt is similar to the
homopolymerization of pGMA (Figure 3.5) on Au. Specifically, the cathodic charge
passed decreases as the potential is cycled, and the CV's display no observable oxidation
current. The presence of a reduction peak, Eyc> = -2.25 V, is preceeded by a shoulder,
Eocr = - 1.75V. XPS survey scans always detect the presence of Pt peaks after annealing
the electrode at 45 °C for 24 h, indicating to us that the potentiodynamic co-
polymerization produces patchy films. Solid-state impedance experiments aso indicate

ohmic contact between the Ga-In eutectic and the underlying Pt electrode. Though
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changing the potential window during co-polymerization succesfully eliminates oxidation
current from the electrode response, the dynamic polymerization method does not
succesfully generate uniform films. A change in the applied electrochmical waveform

was made to address these concerns.

3.13 The electropolymerization of pPGM A-co-pLiMA

To aleviate concerns about the electrochemical oxidation of LIMA, copolymerization
was attempted under reducing potentials only. A “sweep-step” method (experimental),
reported for the reductive electropolymerization of vinylic monomers by Chalier et al.*,
is aso capable of producing thin films of pGMA. The applied waveform for the
polymerization method is shown in Figure 3.21b. The potential was swept from -0.8 V to
A (A =-1.95V for Cu,Sband A = -1.8 for Pt) vs Ag/AgClatv=5x 102 V/sand held at
A V for 150 sec. The “sweep-step” current response of a Pt electrode in a 1.5 M
GMA/0.5 M LIMA/DMF solution is presented in Figure 3.21c.  The choice of ending
potential is 50 mV more reductive than the shoulder observed in the potentiodynamic
deposition. Experiments to discern the origin of the Epc1 and Epe, are still on-going, but
choosing an ending potential for the “sweep” step between the two signals would
hopefully incorporate both polymers into the deposited layer. Conformal, thin films are
visible on the surface of Pt and Cu,Sb electrodes. XPS survey scans detect no Cu 2p or
Pt 4f signals and the Ga-In eutectic does not make direct contact to the electrode surface

during solid-state electrical measurements.
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Figure 3.21. @) The potentiodynamic electropolymerization of 1.5 M GMA/0.5 M LiMA in DMF
on Cu,Sbh. SE: 0.1 M TBACIO/DMF and v = 0.2 V/s. b) The “sweep-step” potential wave-form for
electropolymerization on Cu,Sb. ¢) The “sweep-step” current response of 1.5 M GMA/0.5 M LiMA
in DMF on Cu,Sb.

3.14 Physical characterization of pPGMA-co-pLiMA

The incorporation of LiIMA in the comonomer-derived films may result from various
processes: 1) LiIMA isreduced and forms a pLiMA phase that separates or is solvated by
apGMA phase; 2) LIMA monomers are immobilized within a pGMA polymer phase; 3)
LIMA and GMA chemically couple to form a copolymer. Any combination of these

processes may aso take place. Reduction rates, stability of reduced monomers and
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annealing under vacuum are al factors that can affect the structure of the co-polymer.
The polymer film will be referred to as pGMA-co-pLiMA, though copolymerization is
only one of the possibilities.

XPS of pGMA-co-pLiMA

The elemental make-up of pPGMA and pLiMA is mainly oxygen and carbon, and since
hydrogen isinvisible to X-raysin XPS, then the Li-ion is the only difference between the
two polymers. The evidence for pLIMA deposition is shown through HRES XPS
experiments. Furthermore, analysis of the C 1s peak in the XPS HRES scans reveals
interesting differences between the homopolymers and pGMA-co-pLiMA.

The binding of core electrons is sensitive to the chemical environment of the element.
For example, the C 1s peak of -CF3 will be at distinguishable higher binding energies
than the C 1s peak seen for -C(CHs)3 because the electronegativity of the F atoms will
increase the effective nuclear charge (Z«¢) of the carbon. When the carbon is excited
with high energy X-rays, the higher Zg: causes gected photoelectrons to have a lower
kinetic energy (or higher binding energy). Through careful fitting of XPS HRES scans,
precise comparisons of peak positions can be anayzed.

The C 1s XPS HRES scans of LIMA and pLiMA are shown in Figure 3.22a. The
monomer (top) fits to two peaks. The splitting of the peaks is due to the different
environments of the alkane carbons (=CH,,-CHgs, =C-) and the carbonyl carbon (O-
C=0), labeled peak | and Il respectively. When the peak for the alkane carbons is
aligned to 284.7 eV, the splitting between | and 111 is retained. The quantitative analysis
between the different C 1s signals suggests retention of the LiMA backbone during

polymerization (Table 3.4). A Li 1ssigna for pLiMA (Figure 3.22c) means that lithium
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remains the mobile counter-ion after polymerization; although the atomic ratio of C:Li is
dlightly higher for pLiIMA. As previously mentioned, the homopolymerization of LIMA
is patchy; that is, substrate peaks are observed in the XPS survey scans. The similarities
between LIMA and KSPA monomers suggest similar coverage results for the reductive
electropolymerization. The growth of pKSPA islands on the surface of ITO is
hypothesized to originate from coulombic repulsion between reduced anionic backbones
(Chapter 3.10). The size of the islands may be different due to the steric differences
between the monomers, but the repulsion forces remain. Therefore, the presence of
substrate peaks is due to patchy growth of the monomer.

There is a dlight shoulder on the pLIMA C1s spectrum (Figure 3.22a, bottom).
Literature reports by Lecayon et al. detect a splitting of the C 1s signal due to a grafted
M-C bond on eletrografted films < 5nm, though the reported peak was located at 283.8
eV, before the akane peak at 285.0 eV. The peak area of 1I, as compared to peak |, is
never consistent between samples, suggesting that the signal is due to a surface impurity.
The affinity of pLIMA for DMF is unknown, and the reduced temperature for drying may
not completely remove all the DMF from the very thin polymer. The binding energy for
peak 11, 285.5 eV, is similar to the position of N-CHg3 signal in DMF reported by NIST,
285.7 V. When Pt electrodes modified with pLiMA are dried at 80°C, then peak 11 does
not appear in the C 1s HRES spectrum. The presence of DMF in the XPS HRES scan of
pGMA and pGMA-co-pLiMA is never detected. The spectral differences may be due to
a lower pPGMA-DMF affinity, or lack of solvent within the detection limit of the

spectrometer (10-15 nm).
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Figure 3.22. a) XPS HRES spectra of LIMA (top) and pLiMA (bottom) C1s region. b) structures of the
monomer and polymer, indicating the different types of carbons that cause the splitting of the Cls
signal. ¢) XPS HRES spectrum of the Li 1sregion of pLiMA.

It must be noted here that spectra are usualy shifted so that the akane peaks is
centered at 287.4 eV. Insulators are notorious for causing large shifts in XPS spectra.
There was often no, or very little, spectral shifting for pLiMA; thus, the retention of static
charge is very low. The pLiMA on the surface of Pt and Cu,Sb effectively shuttles

electrons away from the electrode surface.
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Table 3.4. Quantitative results obtained
from XPS HRES scans of LiIMA and
pLIMA C:C and C:Li ratos are
determined by curve-fit analysis.

c:C

Sample Atomic ratio C: L
. (1] .
LIMA 21(2): 1 41:1
. (L+ 11z .
pLIMA 23(2):1 43:1

The XPS HRES scan of the C 1s region of pGMA (top) and pGMA-co-pLiMA
(bottom) is shown in Figure 3.23a. The electropolymerization of pPGMA resultsinaC 1s
spectrathat can be fit to three peaks: 1) peak | is due to carbons in an alkane environment
(vide supra), 2) peak Il is due to carbons in a-CH»-O environment and 3) peak |11 is due
to carbonsin a-O-C=0 carbonyl environment. Analysis of the peak areas from curve-fit
analysis show that the carbons are in a 3:3:1 ratio (l:11:111), consistent with the structure
of pGMA (Figure 3.23b). The chemical environment of the -CH»-O carbon, peak Il at
286.3 eV, isunique to pGMA.

Some evidence for co-polymerization was found by comparing the C 1s region for
pGMA to pPGMA-co-pLiMA (Figure 3.23a - bottom). A peak located at 286.3 eV in the
C 1s region of the co-polymer is evidence of GMA intercalation into the
electropolymerized layer. A comparison of the C 1s peak positions determined by curve
fit analysis over multiple samples is shown in Table 3.5. The data clearly shows the
presence of pGMA and an interesting splitting of the carbonyl peak. The splitting is a
small indication of copolymerization but not direct evidence of pLiIMA. The presence of

asignal in the Li 1s region provides evidence for the inclusion of LiIMA (Figure 3.23c).
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The presence of mobile Li-ions in the polymer is a big step towards a successful polymer
electrolyte on Cu,Sh, and the mobility will be discussed during the solid-state impedance

results.
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Figure 3.23. @) XPS HRES spectra of pGMA (top) and pGMA-co-pLiMA (bottom) C1s region. b)
Structures of the polymers, indicating the different types of carbons that cause the splitting of the Cls
signal. ¢) XPS HRES spectrum of the Li 1sregion of pLiMA.

The splitting of the -O-C=0 environment is a consistent result that deserves some
discussion. XPS analysis of heterogeneous solid surfaces has been used to determine the

elemental make-up of insulating and conducting domains. The XPS HRES spectra of
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insulating materials, such as pGMA and pGMA-co-pLiMA, charge during data
acquisition. As aresult, good spectra require sufficient grounding and a reliable shifting
procedure. Along with use of an interna static-charge neutralizer, precautions were
taken to ground the metal electrode and the surface of the polymer films. Some steady-
state charging was unavoidable, and all polymer films were shifted so that the alkane
signal was fitted to 284.7 eV. Our hypothesis is that the conductivity of pLiIMA causes
the splitting of the carbonyl peak. Microscopic conducting domains on an insulator
remain at the spectrometer potential, while the insulating domain reaches a steady state
charge. Consequently, an element in the same chemical phase, such as a-O-C=0 carbon,
will display one peak for each phase. The supply of low energy electrons that stabilize
the surface charge, will move the spectral peaks of insulating region relative to the
conducting region. The splitting of the carbonyl peak into Il and IV is due to the

difference in conductivity of the separate phases of the polymer.

Table 3.5. Peak positions for the splitting of the C 1s spectra.

Peak Position (eV)
Sample | 1 1 i
bLIMA 284.7 2855+ 02 2884+02
PGMA 2847 2863+02 2884+0.1

pGMA-co-pLIMA  284.7 286.3+0.3 288.4+0.3 289.5+0.2

Quantitative analysis of surfaces with XPS is popular technique. Curve-fitting
analysis of peak areas, coupled with unique spectrometer sensitivity factors, affords
comparisons of peak areas between different elements and/or elements in different
chemical environments. The effect of salt-concentration in polymer electrolytes is

35,44-45

studied extensively in the literature. Specifically, the oo, Of @ polymer increases as

the salt-content increases. The rise in ojo, limits at an optimum concentration for the salt.
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After the concentration has been exceeded, the ionic conductivity of the polymer
decreases drastically. There are two reported reasons: 1) ion-coupling between Li-ion
and the high concentration of anions and 2) changes to the Ty of the polymer with
increasing salt-concentration. Therefore, controlling the concentration of pLiMA in the
copolymer is an important step to increasing the ionic conductivity of the polymer.

An initial attempt to vary the amount of pLiMA is performed by atering the
concentration of the monomer in the deposition solution (Figure 3.24). The concentration

of GMA was held constant at 1.5 M while the concentration of LiIMA was varied. The
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Figure 3.24. C:.Li atomic ratios for pGMA-co-pLiMA as
determined by curve-fit analysis of XPS HRES scans. The
concentration of GMA was 1.5 M for all experiments. Error bars
are determined from the standard deviation (1) of 6 electrodes.

peak areas from the XPS HRES scans of the Li 1s and the C 1s regions are analyzed to
find atomic ratios, C : Li, for the polymer films. If the pLiIMA and pGMA are deposited
in equal concentrations, then the C : Li ratio would be 9 : 1. The results from changing

the concentration of LiMA show no clear trend for the amount of Li-ions detected in the
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polymer. Inhomogeneities in the surface concentration of Li-ions and error in
determining atomic percents of heterogeneous (conducting vs insulating) surfaces are
possible explanations for the large standard deviation. Chain re-arrangement due to high-
surface-tension has been reported for XPS anaysis of amine functionalities on
polydimethylsiloxane films®.

The successful electro-copolymerization of a neutra monomer with an anionic
monomer has been shown to produce polymeric layers with solid-state ionic

conductivity®33%

. The inclusion of both monomers into the polymeric layer has been
proven through XPS analysis. To determine the polymer’s capability to transfer ions, the
shape of the solid-state impedance response will tell us if the copolymer is an electrical

conductor, electrical insulator or a polymer electrolyte.

3.15 Solid-state el ectrical measurements of pGMA-co-pLIMA

The inclusion of ions into a film does not necessarily result in the conduction of ions
between electrodes. Electro-synthesized copolymers reported by Rolison et al.* were
electrically tested in the solid-state. The contact area for metal eutectic testing was 0.5-
2.5 mm? allowing for multiple measurements at different locations on the same
electrode. They reported only seeing ionic conductivity in 43 % of sample spots on the
electrode surface. Therefore, over 50 % of the electrode resulted in a dielectric response.
Maier et al.*® has shown nanoscale regions of mixed ionic conductivity on the surface of
drop-cast PEO:LIA (A:PFg, ClO, and CF3-SO3) using a conducting probe AFM. Their
results prove that the regions of low structural order (amorphous) of a polymer electrolyte

are regions of high ionic conductivity. Our measurements with a Ga-In eutectic were
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made with a 4.2 mm? surface and only one measurement was taken per electrode. The
only response seen for 100 % of the electrodes is an electrically insulating layer.
However, there could be regions of ionic conductivity that are overshadowed by larger
insulating regions. Heterogeneity has been implied by XPS, optical microscopy (Figure
3.13), and literature reports of electro-copolymerization. We conclude that pGMA-co-
pLIMA has an abundance of low-conductivity, structurally ordered regions at room

temperature that impede the flow of ions.

3.16 Temper atur e-dependent solid-state electrical measurements

To test the influence of temperature on the ionic conductivity of pPGMA-co-pLiMA,
SS Imp measurements were taken on a Pt electrode heated on top of a sand-bath
(experimental). A series of Nyquist plots (Figure 3.25) illustrates the change in ionic
conductivity of the polymer layer with temperature. The ionic conductivity of the
copolymer is given as a function of the sand-bath temperature. The value is assuming a
150 nm thick layer and Ry Values are determined by fitting the data to the given model.
The expression of ionic conductivity at elevated temperatures is not uncommon.
PEO:LIA polymers, a common polymer electrolyte in Li-ion polymer batteries, require
elevated temperatures for operational use. The influence of Ty on e ectropolymerized
layers is recognized; alow Ty is essential to electro-depositing a polymer with superior
ionic conductivity.

The glass transition temperature, T4, of a polymer is the temperature where the
polymer transforms from a hard, glass-like state to a flexible, rubber-like state. Broadly,

polymers above the Ty are more amorphous than polymers below the transition
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temperature. Vijayanand et al.”” report that the T, values for free-radical polymerization
of pPGMA with poly-4-cyanophenyl acrylate (pCPA) are 74 °C and 25 °C, respectively.
The high glass transition temperature for pPGMA means that the polymer is not very
amorphous at room temperature, though our polymerization method may impose

structural differences on the electro-synthesized polymers.
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Figure 3.25. A series of Nyquist plots for a heated Cu,Sb electrode (left). From fitting the impedic
response to the model (right, top), values for the ionic conductivity at the different temperatures
reported (right, bottom). Values assume a 150 nm thick polymer.

3.17 Discussion and Conclusions

The glass transition temperature of pLiIMA has not been reported in the literature, but
ionmers typically have higher Ty values than neutral polymers®. Crystalization of the
copolymer film is detrimental to the ionic conductivity; however, high T4 of pGMA can

be lowered through copolymerization. Vijayanand et al. successfully blended 45 mol%
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pCPA with pGMA to lower the T4 of the polymer blend to 31 °C. Finding a new
monomer, either as a replacement for GMA or as an addition to the polymer blend, is an
immediate avenue of research. Possible candidates for future monomers for
copolymerization can be screened with Ty, and the synthetic library for monomersis vast.

Reductive electropolymerization is a route to conformally coat the surface of Cu,Sb
with pGMA, pGMA:LiCIO, and pGMA-co-pLiMA. Solid-state ionic conductivity is
evidenced in a salt-doped polymer layer (b GMA:LiCIO,) at room temperature and in a
copolymer (pGMA-co-pLiMA) at elevated temperatures. The presence of copolymersis
illustrated with XPS analysis of LIMA, pLIMA, pGMA and pGMA-co-pLiMA.
Increasing the temperature of pGMA-co-pLiMA induced ionic conductivity, therefore,
the presence of ion-conducting, amorphous regions are still necessary to transfer Li-ions
in polymers that are < 200 nm thick.

The conformal application of nanometer thick, electrically resistive solid layers that
conduct Li-ions is a difficult task. However, we have set up methods to determine
surface area and thickness to determine quantitative values for ionic conductivity. We
have also formulated solution (redox-probe) and solid-state (AFM) procedures that can
provide evidence for nanoscale coverage. Future experiments on new systems can utilize
these methods towards finding and optimizing a polymer electrolyte for 3D Li-ion

batteries.
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Chapter 4

The decomposition of Li-ion battery liquid electrolyteson Cu,Sh: SEI formation as
arouteto asolid electrolyte

Timothy S. Arthur, Matthew T. Rawls and Amy L Prieto
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Rawls assembled electrochemical cells and repeated all experiments to ensure the
accuracy of the data. Mathew Rawls also collected the data in Figure 4.1.
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4.1 Abstract

The effectiveness of the solid-electrolyte interface (SEI) as a solid electrolyte in Li-ion
batteries was investigated. The addition of vinylene carbonate to a typical organic
electrolyte solution was used as a medium to grow the SEI on an intermetallic anode
material, copper antinomide (Cu,Sb), by two methods; a galvanostatic/potentiostatic
method and a galvanostatic cycling method. The dielectric capabilities of the SEI were
tested with solid-state impedance; a thin insulating layer was only efficiently produced
when Cu,Sb was cycled between 1.8 VV and 0.9 V vs Li/Li*. In addition, the morphology
of the SEI was analyzed with scanning-electron microscopy. Peak-fitting analysis of the
high-resolution X-ray photoelectron spectra found that the inclusion of lithium carbonate,
and/or other organo-lithium salts, into the SEI upon galvanostatic cycling is vital to the

dielectric capabilities of the solid electrolyte.

4.2 Introduction

Lithium-ion (Li-ion) batteries continue to flourish as the standard for powering high
energy devices such as portable electronics, and are now finding a place in the
automotive industry. The successful transition to transport applications will require high-
power along with improved safety, increased cycle-life, and decreased cost*. The radical
increase in power and energy density required for widespread automotive application of
Li-ion batteries may derive from 3d architectures comprised of nanostructured active
materials. These nanoarchitectures will require a highly uniform and thin
electrolyte/separator coating for optimal performance. These requirements suggest a

move from gel and liquid electrolytes in current use to solid state separator coatings.
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The main disadvantage to using a solid in place of a liquid electrolyte is the low ionic
conductivity of solid materials®®. There are two general avenues of research that focus
on solving this problem. The first one involves synthetic approaches to chemically
modifying solid layers with poor ion-transport properties through gellation techniques™®,

0

the development of novel solid lithium salts”®, co-polymerization®*® and/or adding

ceramic fillers**2,

The second approach is to lower the ionic resistance with novel
methods for applying the solid-electrolyte layer. Projects include the synthesis of multi-
block polymer architectures that provide ion-conducting channels®**** and the
application of extremely thin layers (< 20 nm) through self-limiting
electropolymerizaton'®**" and CVD*™° techniques. ~ However, a solid-state device
utilizing high-surface area nanoarchitectures requires a uniform modification of a three-
dimensional surface®, which precludes many of the options stated above.

The electrochemical deposition of organic materials on electrodes offers many
advantages, such as uniform modification of non-line of sight nanostructures, nanoscale
control of thickness and the deposition of a dielectric layer. Rolison et al.!****® has
investigated the anodic electropolymerization of neutral and charged organic monomers
on conducting aerogel surfaces. Long et al.'” successfully used this soft-chemistry
technique to build an ultracapacitor with excellent charge densities. Palacin et al.?*%
modified nanotrenches using a reductive electrografting of acrylate monomers. Gonbeau
et al.??> proposed a radical electropolymerization of vinylene carbonate (VC) on the
surface of graphite as the reaction that protects the liquid electrolyte from further

decomposition. To conformally coat the anode material with a Li-ion conducting, solid

layer that maintains physical stability and dielectric capabilities over the large potential
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range of a Li-ion battery (3.5-4.5 V) is a key step in fabricating an all solid-state Li-ion
battery.  This is a pivotal point in the ground-up fabrication of nanostructured devices;
an approach pursued by our group.

Organic liquid electrolytes used in state-of-art lithium-ion batteries decompose under
the very reducing and oxidizing conditions of battery operation; the products comprise
what is termed the solid-electrolyte interface (SEI) layer. There is much discussion in the
literature on the use of SE| stabilizing organic additives such as 2-cyanofuran®®, vinylene
carbonate?® and succinic anhydride?* that have improved safety and decreased capacity-

221 However, only one report?® exists where the SEI is

loss over long cycle numbers
utilized as a solid electrolyte.
It is known that SEI layer forms on most anodes during the first ten to fifteen
charge/discharge cycles of the material’. This allows a solid-state electrolyte based on
the formation of the SEI layers to be applied to a variety of anode materials. However,

the attributes of the SEI may be different when formed on alloying electrodes* %

(such
as graphite, silicon and tin-carbon composites for example) and intermetallic electrodes
(such as Cu,Sh). Part of our research is to investigate this possibility. There is abundant
research investigating the nature of the electrode/electrolyte interface on anode and
cathode materials for lithium ion batteries. Experiments have focused on the effect of
additives on SEI formation with the goal of improving liquid cell battery performance?’.
Our work differs as the goal is to fabricate a solid electrolyte layer with the SEI, not to
improve capabilities in a solution-based battery cell. This means the SEI must coat

electrodes with different morphologies and surface areas allowing the cathode material to

be intimately integrated with the anode material. The goal of our work presented in this
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dissertation chapter is (1) to physically characterize the SEI layer formed on Cu,Sb from
a typical organic electrolyte solution with X-ray photoelectron spectroscopy and
scanning-electron microscopy, and (2) to ascertain the dielectric capabilities of the SEI

with solid-sate impedance.

4.3 Experimental

Chemicals. Dimethyl carbonate (DMC, anhydrous,> 99 %), diethyl carbonate (DEC,
anhydrous, >99 %), vinylene carbonate (VC, 99.9 %), lithium perchlorate (LiCIO,,
battery grade, 99.999 %), lithium carbonate (Li,COg3, ~99 %) and gallium-indium eutectic
(Ga-In) were all purchased from Aldrich, kept at room temperature in an Ar-filled
glovebox and used without further purification. Ethylene carbonate (EC, anhydrous, 99
% - Aldrich) was recrystallized from ethanol, dried and kept in the Ar-filled glovebox.
polyV/C was synthesized using a literature procedure®.

Anode preparation: Copper antinomide (Cu,Sb) was electrodeposited on mechanically
polished Cu foil (99.999 - % Aldrich) using our previously described method®. All
Cu,Sh electrodes were dipped in 5 vol % HNOj3, washed well with water (18) and
isopropanol, dried under a N, flow and immediately brought into the Ar-filled glovebox
to decrease the chance of native-oxide growth. Cu,Sb electrodes were then cut into 0.64
cm diameter circles for cell assembly.

Electrochemical half-cell preparation: All symmetrical Swage-lok cells were
assembled in an Ar-filled glovebox. Cu,Sb circle electrodes were sealed against a 0.32
cm diameter circular cell holder filled with a 1M LiCIO, 1 : 1 : 1 EC/DEC/DMC (vol)

solution (prepared in the Ar-filled glovebox). A Ligm) counter electrode was sealed on the
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opposite end and the air-tight assembly and the cell was removed from the Ar-filled
glovebox for SEI growth. All voltages stated in this work are referenced to Li/Li".

SEl preparation: Figure 4.1 is the charge curve for the galvanostatic reduction of
Cu,Sb in the electrochemical half-cell. From the curve, potentials were chosen to border
regions for SEI growth. The approximate open-circuit potential (OCP) of the described
half-cell is 3.0 V (point A). Points B-D (2.2 V, 2.0 V and 1.8 V respectively) are
potentials before the lithiation of Cu,Sh. At approximately 0.9 V (point E) the reduction
of Cu,Sb begins and the anode material begins to charge with complete lithiation of

Cu2Sh at 0.05 V (point F) The discussion of the potential choices is presented vide infra.
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Figure 4.1. Potential vs time curve for a Cu,Sb electrochemical half-cell galvanostatically charged at
10 pA cm? in a 1M LiCIO, EC/DEC/DMC (1:1:1) electrolyte solution. Added potential points A-D
(inset) and points E, F are labeled.
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1. Method A: Galvanostatic/Potentiostatic deposition. All SEI growth experiments
were performed on a Maccor Model 4200 Battery Cycler. The two-electrode
electrochemical cells were galvanostatically charged (Cu,Sb reduced) from the
open-circuit potential (point A - ~3.0 V) at a 10 pA cm™ current density. Once
the cell reached a pre-determined voltage (points B-E), the voltage was held until
the current reached a 1 pA cm™ current density. Point F was not selected as a
possible potential limit since a goal of the research is to form a solid electrolyte
on an uncharged anode material. Cells were then disassembled by removing the
Lim) and electrolyte solution, but keeping the Cu,Sb sealed in one-half of the
Swage-lok cell. All Cu,Sb electrodes were washed thoroughly with DMC and
dried at 40 °C for ~15 hs.

2. Method B: Galvanostatic cycling deposition. Similar to Method A, the half-cells
were galvanostatically reduced at a 10 A cm™ current density until a voltage
limit was reached. Then the current polarity was switched so that the Cu,Sb is
oxidized at the same rate to a higher, predetermined potential. At that point, the
cells were cycled galvanostatically between the potential limits for a number of
cycles. One cycle begins with the reduction at the Cu,Sb surface and ends after
the oxidation at the Cu,Sb surface. Method B is subdivided into 3 potential
ranges: (i) The high potential range (HPR) is between 3.0 V and 1.8 V (vs Li/Li"),
(ii) the medium potential range (MPR) is between 1.8 V and 0.9 V (vs Li/Li"),
(iii) and the low potential range is between 0.9 V and 0.05 V (vs Li/Li*). All

electrodes were washed and dried as in Method A.
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Solid-state electrical measurements: Ga-In eutectic was used to contact the SEI surface.
The liquid metal was placed on top of the SEI directly in the 0.32 cm diameter plastic
Swage-lok cell. Tungsten wire, pre-wetted by immersion in Ga-In for 30 sec, was used to
contact the eutectic on the surface of the electrode. Two-electrode impedance
measurements with the Ga-In as the working electrode and the Cu,Sb as the
counter/reference electrode were taken in a No-filled glovebox on a CHI 660c
potentiostat/galvanostat. The impedic responses were collected in the 100 kHz — 0.1 Hz
range with a 0 V DC bias and a 100 mV AC amplitude. This method is hereafter referred
to as SS Imp.

Physical characterization - X-ray photoelectron spectroscopy (XPS) (Phi 6500) was used
to characterize the surface of Cu,Sh. Measurements were performed with a 5800 series
Multi-Technique ESCA system and analyzed using Multipak software. An Al
monochromatic source operating at 350.0 W was scanned with a pass energy of 58.7 eV
in intervals of 0.125 eV step™ over the range indicated on the spectra. All XPS spectra
were shifted so that the adventitious C1s peak was located at 284.7 eV. During curve-fit
analysis of XPS HRES spectra, all fitted-peak had y* < 1 values. Peak positions and
atomic ratios are reported from peak-fitting of the data. Scanning Electron Microscopy

(SEM) micrographs were taken using a JEOL JSM 6500F.
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4.4 Results
Method A — SSImp

An SEI must be an electrically insulating layer to be used as a solid electrolyte in Li-
ion batteries. Galvanostatic charging until ending potentials B-E result in an electrically
conducting layer whose resistivity (2 Q-75 Q) is the sum of the contact resistance S
between the different interfaces. The SEI is either a conducting a non-uniform film; the
latter allows for direct contact between the Ga-In eutectic and the Cu,Sb. Point F was not
selected as an ending point for Method A since the objective is to make an SEI on Cu,Sb,
not on Li3Sb (the completely charged version of the anode). Since the experimental plan
involves the intercalation of an uncharged cathode, we need to keep Cu,Sb (the
uncharged anode) as the substrate. Any conversion to the lithiated versions of the anode
will decrease the capacity of the full battery cell. Method A, under our conditions, is
insufficient to form an SEI with functional solid-state dielectric properties.

During half-cell battery cycling, the surface of Cu,Sb is both reduced (during charge)
and oxidized (during dishcharge). The differences in solid-state electrical properties
between Method A and Method B (vide infra) encouraged us to determine the molecular
composition of each SEI layer. By investigating the compounds that make up the SEI
layer during each electrochemical process, we can illustrate which constituents contribute
to the solid-state dielectric properties.

Method A — XPS

C 1s peak analysis — XPS is a powerful technique to elucidate the elemental make-up

of the SEI??*3%3  Figure 4.2a shows high-resolution spectra of the C 1s and Cu 2p

(inset) region of a Cu,Sb electrode reduced to point D. The C 1s spectrum consists of
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three peaks. The first peak corresponds to an (-CH,-) or (-C-C-) environment (284.7 eV).
The second peak corresponds to a carbon in a (-C-O) environment (286.3 eV) and the
final peak is a carbon in a (O-CO-O) carbonate environment (289.0 eV). The peak
positions match well with the C1s spectrum for the reductive decomposition of 1M LiPFg
in EC/DMC/DEC (2:1:2 by volume) with a few volume percent VC%. Figure 4.2a (inset)
illustrates the presence of Cu 2p peaks in the HRES XPS spectrum, indicating that the
SEI formed by this method forms a layer that is thinner than the analysis depth of the
XPS (for ending potentials B, C and D). If the electrode is charged to point E, the Cu 2p
peaks disappear from the spectrum.
Method A - SEM

Figure 4.2b is a SEM micrograph of the surface of a Cu,Sb electrode reduced to point
D. The cubic morphology of the underlying anode (Figure 4.2b — inset) material is
visible under a thin organic layer. Charging the anode until ending potentials points B
and C are similar. The surface morphology of Cu,Sb is not visible for the ending
potential point E, indicating a thicker SEI layer. With this result, we expected the SS Imp
results to reflect a dielectric layer. However, all of the electrodes charged to this
potential displayed electrically conducting properties.
Method B — SEI formation

Method A was successful in producing an SEI layer that could be evidenced by XPS
and SEM. However, reducing the anode to ending potentials B-E form a conducting
layer. From literature results, it is known that an increase in resistance to charge transfer
observed in electrochemical impedance spectroscopy occurs as a battery is cycled® 3

% We also detect a change in the electrochemical impedance spectroscopy as the battery
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Figure 4.2. (a) XPS HRES C1s and Cu2p (inset) spectra of a Cu,Sh electrode charged to 1.8 V vs
Li/Li*. (b) SEM micrographs of the SEI layer formed on the surface of the Cu,Sh. The cubic
morphology of the bare electrode (inset) is still present under the SEI layer.

is cycled (results not shown). The physical and solid-state electronic property changes
as an SEl is cycled cathodically and anodically must be better understood.

To investigate the effect of cycling on elemental make-up, morphology and solid-state
electronic properties of an SEI, we devised Method B. Research groups have altered the
attributes of the SEI by increasing the temperature and/or increasing the concentration of
additive?®*"?°| for example. Our goal is to efficiently produce an SEI layer with the

desired solid-state electrical properties through a galvanostatic cycling method at room

temperature.
Method B — SEM

Micrographs of the three potential ranges, high-potential range (HPR), medium
potential range (MPR), and low potential range (LPR) are shown in Figure 4.3a, b and c,
respectively. The HPR cycling method shows a very thin SEI, but also regions of the

Cu,Sb that had been stripped from the Cuy,y back-electrode (SI). The cubic morphology
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of the Cu,Sb is visible through the thin HPR and MPR SEI, though the MPR electrodes
do not have regions of the anode that had been stripped from the current collector. The
morphology of the SEI formed at the LPR is very different than the higher potential
ranges. While no polymer could be visibly detected after cycling through the HPR and
the MPR, a film was apparent on the surface of the LPR Cu,Sb electrodes. No Cu,Sh
cubic structures are visible on the surface and there are porous regions on the surface of
the SEI. The potential range selected has a strong effect on the thickness of the organic
layer.
Method B — SSImp

The solid state impedance results of the three potential ranges, HPR, MPR and LPR
are shown in Figure 4.3d, e and f respectively. All three electrodes were
galvanostatically cycled for 20 cycles. For the HPR experiments, Cu,Sb anodes were
cycled for 5, 10, 15, 20, 50 and 100 cycles with no change in the solid-state impedance
result. The MPR experiments result in a solid dielectric layer after 20 galvanostatic
cycles (5, 10 and 15 cycles result in a conducting layer). The Nyquist plot displays a
vertical line extending from Z., = 0 on the horizontal axis indicative of an electrically
insulating layer. LPR Nyquist plots show an impedic response indicative of an ionically
conducting layer. The hemispherical shape, modeled by a resistor in parallel with a
capacitor, was only present in 80% of the samples (20% displayed a dielectric response)
and was also present only after 20 galvanostatic cycles (5, 10 and 15 cycles result in a

conducting layer).
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Method B — XPS

C 1s peak analysis — Figure 4.4 displays distinct differences in the C 1s region
between Method A and B. A new peak at 290.5 eV is only present when an oxidizing
current is applied to Cu,Sb. Our initial hypothesis is that the new peak is representative
of a Li,COg, or other organo-lithium species (see Discussion/Conclusions). A noticeable
increase in peak area for the peak at 286.3 eV indicates an increased concentration of (-C-
O) environments within the SEI.

O 1s peak analysis — Figure 4.4 shows the presence of two peaks in the O 1s region for
the SEI formed by Method A and B. The O 1s region for the chemically synthesized
polyVC is also shown.

Li 1s and CI 2p 3/2 peak analysis — The HRES XPS spectra and fitting analysis of the
Li 1s spectral peak and Cl 2p 3/2 peak was done to determine atomic ratios. The
presence of only one CI 2p 3/2 was detected; the peak position position (208.7 eV)
indicates only perchlorate (C1O4*) chlorine atoms in the SEI.

Atomic ratios — To determine the relative contributions of Li-ions between the lithium
perchlorate and the organo-lithium salts, the Li to Cl ratio was investigated. The average
ratio for the SEI obtained in Method A and Method B (20 cycles) is 1.1 : 1 and 4.3 : 1,
respectively. Method B shows a significant increase in organo-lithium salts present in the
SEl.  To elucidate the concentration of Li-ions in the SEI, differences in the carbon to
lithium ratio between the three potential ranges of Method B were investigated. The
HPR and MPR are 2.9 : 1 and 3.2 : 1, respectively. However, the LPR has a C : Li ratio
of 1.2 : 1 (Table 4.1). This result can be explained by remembering that the LPR is

cycled between potentials where Cu,Sb is lithiated and delithiated. There is an extra
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Figure 4.3. SEM micrographs and solid-state impedance Nyquist plots for Cu,Sb electrodes formed in
the HPR (a,d), the MPR (b,e) and the LPR (c,f).

driving force carrying the Li-ions through the SEI layer and more lithium salts are likely

to be trapped in the growing SEI layer.

4.5 Discussion and Conclusions

The deposition of SEI on the surface of Cu,Sb was pursued to evaluate the potential
for the SEI to act as a solid electrolyte. VC is an organic additive that reductively
deposits at higher potentials than common carbonate-based solutions**?”. V/C’s inclusion
in electrolytes improves capacity retention and increases cycle life for batteries operating
with an organic liquid electrolyte. We are primarily focused on the electrochemical
reduction of VC which grows a thin and uniform SEI layer. The deposition of VC is a
reductive, radical electropolymerization which provides a soft, non-line-of-sight coating

technique to modify the surface of two- and three-dimensional electrodes. We
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hypothesize that the SEI formed with VVC additive will uniformly cover the surface of the
electrode.

The galvanostatic/potentiostatic deposition method has provided many insights into
the formation of the SEI during the first charge of Cu,Sb. The XPS C 1s spectra, for all
points of charge, were fit to 3 peaks; the peak corresponding to the (O-CO-O) carbon
environment is the most interesting. The (O-CO-O) peak obtained from a powder sample
of Li,CO3 (290.5 eV) and polyVC (290.1 eV) were indistinguishable and located at

higher binding energies than the carbonate peak found in Method A’s SEI. Therefore, an

Method B

280 | ' ' " 535 540
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Figure4.4. XPS C 1s and O 1s HRES spectra of a representative SEI formed with Method A and B.
The (O-CO-0) C 1s peak position is compared to Li,CO3z. The (O=C) O 1s peak position is compared
to polyVC. A 0.5 eV shift to lower binding energies is apparent.
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analysis of the O 1s region was performed to determine the origin of this (O-CO-O) peak.
Li,COj3 has three equivalent oxygen atoms, and therefore has a single peak at 532.0 eV
(Table 4.1). The O 1s XPS spectra of the SEI formed in Method A and B, both fit to 2
peaks, much like polyVC (Figure 4.4). However, a 0.5 eV shift to lower binding energies
for the carbonyl oxygen (O=C) is indicative of the electron-rich SEI. Similar shifts in the
XPS HRES spectra have been shown in the literature'®?. The shift for the (O-CO-O)
carbon in the SEI is approximately double (1.1 eV), but is mirrored by the shift of the (-
C-0) carbon (1.0 eV) between polyVC and the SEI (Table 4.1). More evidence for the
polymerization of VVC over the production of lithium salts through degradation is shown
by the Li : Cl ratio of 1.1 : 1 obtained in Method A. The majority of the Li-ions present
in the SEI are from LiClO,4; however, the presence of some lithiated decomposition
products cannot be discounted.

The SEM micrographs indicate that the SEI formed by Method A is uniform but thin
(< 10 nm) for the ending potentials at or above 1.8 V (points B, C and D). The presence
of Cu 2p peaks in the HRES XPS spectrum confirms this hypothesis. For ending point E,
there was a thicker, visible film without the presence of Cu 2p peaks in the XPS spectrum
for galvanostatic/potentiostatic experiments, an increase in thickness of the SEI at more
reductive potentials is not uncommon?; however, SS Imp results implies a conducting
layer, which is a contradictory result to the thick SEI layers we obtained from Method B.

We propose three possible explanations. First, the SEI formed from the methods A
and B contain different constituents, as seen from the different C 1s XPS spectra. The
low Li to Cl ratio of 1.1 : 1 also indicates that the SEI in Method A is mainly constituted

of LiCIO, trapped in an organic layer, with little contribution from organo-lithium salts.
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Table 4.1. Binding energies of C 1s, O 1s, Li 1s and CI 2p 3/2 and atomic ratios obtained from XPS
curve-fit analysis.

Cls O1ls Li1s Cl 2p 3/2

eVv) (eV) (eV) (V) C:Li Li:Cl

Sample

284.7
Method 286.3 5335 55.8 208.7 27:1 11:1
A 2890 532.0

284.7
Method 286.3 533.5
B 289.0 5320
290.5

2.9:1(HPR)
56.0 208.7 3.2:1(MPR) 43:1
1.2:1(LPR)

284.7
290.5

284.7

290 1 532.5

A change in the HRES Cl1s and an increase in the Li : Cl to 4.3 : 1 upon oxidative cycling
of Cu,Sb suggests inclusion of Li,CO3 and other organo-lithium salts into the SEI. This
has a profound effect on the electrical conductivity. While the decrease in electron flow
may be non-advantageous for capacity retention and cycle-life in wet battery cells,
electrical insulation is a vital characteristic of a solid-electrolyte.  Second, the ending
potential 0.9 V is on the border for reported lithiation potentials of Cu,Sh. If some
lithiation of Cu,Sh did occur, then one of the products is a very conductive Cum). It is
not detected within the first 10 nm (the penetration depth of the XPS) of the SEI, but it’s
presence below that depth cannot be discounted, and neither can the effect on the
conductivity of the SEI. To investigate this theory, a pXRD pattern was taken of the

Cu,Sb electrode after SEI formation, and no lithiation products of the anode were
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detected. Finally, only microscopic uniformity is observed on the SEM (although,
observed over 10-12 different regions). Since the electrode surface area is 0.4 cm?, a
macroscopic technique for determining uniformity is needed and redox-probe
experiments to this end are underway.

The galvanostatic cycling method of forming the SEI was divided into the HPR
(points A to D), the MPR (points D to E) and the LPR (points E to F). The XPS analysis
identified a new peak in the spectrum upon electrochemical oxidation of the of the Cu,Sb
electrode. The binding energy of the new carboneous species (290.5 eV) suggested a
carbonate (O-CO-0O) species. Figure 4.4 shows a shift to higher binding energies (1.5
eV) than the carbonate species observed in the SEI formed by Method A. The
electropositivity of the carbon in the COs* anion is greater than the carbonate carbon
found in the polyVC within the SEI, thus the CO3* carbon will bind more tightly to the
core 1s electrons. The (O-CO-O) peak position aligns well with Li,COs3, suggesting the
presence of the CO5* anion in the SEI formed by Method B. As the literature suggests,
the HRES C 1s spectrum of lithium methyl carbonate??*****has also been investigated.
We found that the binding energy of the carbonate electrons indistinguishable from
Li,CO3 and the species cannot be excluded via XPS. The large increase in Li : Cl ratio
for Method B also indicates the inclusion of lithiated organic products upon cycling.
Future experiments will include detailed ATR-IR experiments to give further insight into
the bulk constituents of the SEI on Cu,Sb and UPS valence band analysis to further study

the surface.
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Figure 4.5. SEM micrographs of an SEI grown in the MPR for (a) 5 cycles and (c) 20 cycles. The SEI
formed in the HPR for (b) 5 cycles and (d) 50 cycles.

However, lithium methyl carbonate and lithium carbonate are products of the
reduction of ethylene carbonate and dimethyl carbonate, respectively. Therefore, we
suggest that the lithium salts are formed at the surface of the Liw) counter electrode
during the oxidation of Cu,Sbh. VC should also protect the surface of Liwm) from
electrolyte decomposition, but there is less monomer present in solution after the initial
reductive polymerization on Cu,Sh. The problem is compounded by the reduction of Li-
ions at a Ligm electrode, which produces more Lim) surface sites for electrolyte
decomposition. Once formed at the Lijy) electrode, the lithium salts can diffuse through

the wet cell through concentration and electrical gradients. Upon cycling, Li,CO3; and
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other salts become part of the SEI on Cu,Sh, and their inclusion is a significant part of the
SEI’s dielectric properties.

We chose the ending potentials based on previous results. Potential A (3.0 V) is the
approximate OCP of the fabricated cell before any electrochemistry. As the cell cycles,
the decomposition of the electrolyte will inevitably change the OCV of the two electrode
cell. If the electrochemical stripping potential of Cu,Sb is lowered below 3.0 V during
cycling, then dissolution of the Cu,Sb will occur. This would explain the missing regions
of Cu,Sb on Cum) electrodes that oxidized to 3.0 V. Potentials B-D (2.2 V-1.8 V) are in
the range of potentials where the SEI and polyVC are formed. Potential E (0.9 V) is the
voltage where the reduction of Cu,Sb begins and F (0.05 V) is the potential after the
complete charging of the anode.

Cycling in the HPR, between A and D, never formed a dielectric layer. There was no
significant difference in thickness between cycle 5 and 50 (Figure 4.5b and d,
respectively). There is a slight observable difference in thickness between cycle 5 and 20
(Figure 4.5a and c, respectively) for the SEI formed in the MPR. The result suggests a
mechanical destruction or chemical dissolution of the SEI at higher potentials. To
confirm this result, we cycled Cu,Sb between points A and F for 5, 10, 15 and 20 cycles.
The results observed are similar to HPR cycling.

By separating the potential range between 1.8 V and 0.05 V into the MPR and the
LPR, we can probe the effect on the SEI of Li-ion intercalation into the anode material.
The HRES spectrum of the C 1s region reveals the same carbonaceous constituents in the
MPR and LPR SEI, but comparison of the C : Li suggests the presence of more Li* ions

in the LPR layer. This result explains the ionic conductivity observed in the LPR SS
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Imp. The MPR only displays electron insulating properties, not Li* ion conductivity.
The MPR does have two advantages over the LPR SEI. First, it is a very thin dielectric
layer when compared to the thick layer formed at lower potentials (Figure 4.3b and c,
respectively). Second, the MPR SEI was electrochemically deposited in 16 h, or 4% of
the time of LPR deposition (350 h to 400 h). Therefore, modifying the ionic conductivity
of the SEI grown in the MPR is a much more efficient and physically attractive route to
forming a solid electrolyte on Cu,Sh.

Using the MPR growth technique, we are capable of efficiently producing a thin,
uniform layer that contains Li* ions but acts as a dielectric. There remains a breadth of
work to create a solid electrolyte with an SEI. However, uniformity and electrical
insulation have been exhibited by the SEI. These are 2 two major obstacles (Chpater 1.2)
that have been overcome through the careful electrochemical growth of the SEI. Beyond
the aforementioned experiments, our focus will be on inducing ionic conductivity into the
SEI. Producing a solid electrolyte on the surface of a three-dimensional nanostructure is

a pivotal step towards the fabrication of a solid-state nanowire battery.
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PART II: PHYSICAL CHARACTERIZATION AND HY DROGEN SORPTION KINETICS

OF SOLUTION-SYNTHESIZED MAGNESIUM NANOPARTICLES



Chapter 5

Size-dependent hydrogen storage properties of Mg nanocrystals prepared from
solution

Nick S. Norberg, Timothy S. Arthur, and Amy L. Prieto

Nick Norberg completed all the physical characterization of the Mg NCs. Timothy
Arthur and Nick Norberg equally contributed to the synthesis, sorption data collection,
and sorption data analysis of the Mg NCs.

This dissertation chapter is adapted from a manuscript submitted to The Journal of the
American Chemical Society.



5.1 Introduction

A significant challenge for the widespread use of hydrogen as a practical aternative to
fossil fuels is the development of safe and efficient storage materials for hydrogen.
Light metal hydrides, such as MgH,, are promising hydrogen storage materials due to
their high gravimetric and volumetric hydrogen storage densities (e.g. 7.6 wt.% H, and
110 kg Ho/m?® for MgH,)*2. Practical use of MgH has been limited by the slow kinetics
and high temperatures required for hydrogen absorption/desorption.

One successful strategy for improving the hydrogen storage properties of Mg and
doped Mg samples has been the preparation of Mg with nanoscale particle sizes™.
Theoretical calculations show that both Mg and M gH, become | ess stable with decreasing
particle size®. Mechanical milling has frequently been used to increase the hydrogen

sorption kinetics of Mg and MgH; by reducing particle grain sizes™’*°

. Despite these
improvements, the quality of the materias prepared by ball milling is limited since the
materials properties, such as grain size, size dispersion, and surface structure are difficult
to control. Reports of Mg nanowires and nanocrystals made by chemical methods have
also shown a strong improvement in the hydrogen storage properties with decreasing
particle size'**, however size control and the ability to dope the materials in situ is not
possible with these synthetic approaches. A better understanding of the direct correlation
between particle size and sorption kinetics can only be achieved when a synthetic
approach that affords a range of narrow size dispersed samples is developed. In this
dissertation, we report a direct chemical solution synthesis for the rapid preparation of

Mg nanocrystals in gram quantities and of controllable sizes, and show a clear size-

dependence of the hydrogen sorption kinetics.
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5.2 Experimental

Mg nanocrystals (Mg NCs) were prepared by reducing a magnesocene (MgCpy)
solution dissolved in 1,2-dimethoxyethane (glyme). All steps were performed in a N»
glove box. Two equivalents of a reducing solution of 0.5 M potassium biphenyl (25 nm
particles), potassium phenanthrene (32 nm particles), or potassium naphthalide (38 nm
particles) in glyme was quickly added to arapidly stirring solution with one equivalent of
MgCp, heated to 70 °C with the MgCp, concentration (including the reducing solutions)
of 0.02 M (25 nm), 0.04 M (32 nm), or 0.08 M (38 nm), al in freshly-distilled glyme.
The reducing solutions were centrifuged before use to remove the undissolved akali
metal. After stirring and cooling the solution for severa minutes, the reactions were
centrifuged and rinsed several times with glyme until the supernatant solutions were clear
after centrifuging. The final Mg product was then evacuated for severa hours under mild
heat (50 °C) to yield a black (smallest particles) to medium grey powder (larger

particles). For full experimental details, see Chapter 6.2

5.3 Physical characterization of MgNCs

Figure 4.1 1-top shows X-ray powder diffraction of the Mg nanocrystals. All peaks
match those for hexagonal Mg, but the width of the peaks increases from the larger to
smaller particles, as expected. Scherrer analysis of the most intense peak at 20 of 36.7°
provides particle size estimates of 25 nm, 32 nm, and 38 nm. TEM images (Figure 4.1-
bottom) of these nanocrystals show that the particles are composed of larger aggregates
and vary in shape, but with no well-defined faceted features. Analysis of > 100

nanocrystals per sample yield particle size and size-distribution estimates of 24 +/- 7 nm,
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Figure 5.1. Powder XRD patterns (top) and TEM images (bottom) of Mg nanocrystals samples of 25
nm, 32 nm and 38 nm. The samples are labeled by the size calculated from Scherrer analysis. From
left to right, the scale bar in the TEM images are 100 nm, 100 nm, and 50 nm.

35 +/- 10 nm, and 72 +/- 25 nm. Powder X-ray diffraction (XRD) measurements of the
samples after hydrogen absorption show only the f-MgH, phase, confirming complete
conversion from Mg to MgH; (Figure 5.2). The large difference in estimated particle size
from the XRD pattern and TEM images of largest particles may be due to difficulties in
seeing smaller particles or grains in the TEM images in the agglomerates of larger
particles, and therefore the size estimated from the peak broadening in the XRD pattern
will be considered more relevant for H, storage properties here. Scherrer analysis is

more trustworthy here because it gives the average crystallite size over ~ 8 mg of sample
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used in obtain the diffraction pattern, which is closer to the sample size used for sorption
measurements (~25 mg). TEM anaysis illustrates the low small size distribution of the

material compared to ball-milled magnesium’.
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Figure 5.2 Powder diffraction pattern of 25 nm MgNCs after hydrogen absorption at 300 °C, with
the indexed diffraction pattern for tetragonal f-MgH..

5.4 Hydrogen absor ption/desor ption properties of MgNCs

Figure 5.3 shows the hydrogen absorption for Mg nanocrystals in the pressure range
of 11.5 to 9.9 bar, and desorption kinetics of the same particles recorded between 0.6 to
0.2 bar, measured through pressure change using Sievert’s method. The 25 nm particles
absorbed 95% of the maximum capacity within 60 seconds at 300 °C, with the 32 nm and
38 nm particles absorbing 95% of their maximum capacity within 140 seconds and 420
seconds, respectively. The same trend of increasing reaction time from small to large is
followed at al temperatures for absorption and desorption, demonstrating the strong
enhancement of Kkinetics that is observed for hydrogen absorption/desorption by

decreasing the size of the Mg nanocrystals.
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Figure 5.3. Hydrogen (a) absorption and (b) desorption of magnesium nanocrystals at different
temperatures.

Peak broadening analysis of powder diffraction measurements of the 25 nm particles
after heating to 300 °C under vacuum for several hours, and after hydrogen absorption at
300 °C and desorption at 375 °C, show that the Mg nanocrystals do not significantly
change in size before absorption (27 nm), but do grow after an absorption/desorption
cycle (Figure 5.4). Therefore the particles retain their differences in particle size through
these measurements before the desorption measurements. The Mg nanocrystals do grow
significantly after desorption measurements (98 nm) (Figure 5.4), however.

The sorption data shown in Figure 5.3 were fit using the Johnson-Mehl-Avrami
equation, xfr = 1-exp(-kt)", where xfr is the fraction of Mg or MgH, that has reacted for
absorption or desorption, k is the reaction rate, t is time, and n is the reaction exponent
(See 5.5 for notes on calculations)™®?®. The results from the best fits are displayed in
Figure 5.3 as lines through the data points. The desorption data was fit up to 60% of the

desorbed fraction since the data typically deviated from the fit beyond this point. Using
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the k values obtained from the fit of the data, the activation energies (Ea) were calculated

for absorption and desorption of hydrogen for each sample with the
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Figure 5.4. Powder diffraction pattern of 25 nm Mg NCs (a) as-prepared, (b) after annealing under
vacuum at 300 °C for several hours and (c) after H, absorption at 300 °C and desorption at 375 °C.
The particle size estimates based on the peak broadening at 26 of 36.7 © are listed.

Arrhenius equation (Figure 5.5). The calculated E, values for hydrogen absorption were

122, 118, and 115 kJ/mol H; for 25 nm, 32 nm, and 38 nm, respectively. These values

show aclear trend even over this small size range, and are within the range of previously

reported E, values for hydrogen absorption by bulk Mg (95-130 kJ/mol Hy)™. The

calculated E, values for hydrogen desorption were 126, 131, and 160 kJ/mol H, for 25

nm, 32 nm, and 38 nm, respectively. The size of the particles does appear to influence the

E, for desorption, but these energies are still in the range of previously reported values

for bulk Mg (120-160 kJ/mol Hy)™.
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Figure 5.5. Arrhenius plots for (a) absorption and (b) desorption of H, from 25 nm, 32 nm, and 38
nm Mg nanocrystals.

5.5 Conclusions

Despite the small differences in activation energies, there is a dramatic difference in
absorption/desorption reaction rates that was much greater than the size differences
between the Mg nanocrystals, particularly for the H, absorption reaction. Figure 5.6 plots
the H, absorption reaction rates for all the samples at each temperature relative to the
largest samples versus the nanocrystal diameters estimated from the powder XRD
patterns. The rates for 25 nm particles are over seven times higher than for 38 nm
particles. This cannot be attributed to increasing surface area or decreasing diffusion
distance aone, since the rate does not follow the inverse dependence to the particle
diameter that would be expected (line in Figure 5.6). Since defect sites have been cited as
important components of Mg-based materials to improving the kinetics of H, sorption®*°,
we hypothesize that there is an increase in the density of defect sites formed through the
low-temperature solution synthesis described here as smaller nanocrystals are prepared.
This demonstrates that the solution synthesis can provide a simple route to Mg

nanocrystals with enhanced H, sorption kinetics.
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Figure 5.6. Hydrogen absorption rates for 25 nm, 32 nm and 38 nm magnesium nanocrystals at
different temperatures. The solid line follows a 1/diameter relationship.

5.6 Notes on calculations of reaction rates and activation energies.

From rearrangement of the Johnson-Mehl-Avrami equation, x; = 1-exp(-kt)" , plotting
the dataas
In(-In(1-x¢)) versus In(t)

yields a straight line where n = slope and k = exp(y-intercept/slope). For determining the
activation energies through the Arrhenius equation, the k values were corrected for the
difference in driving forces due to changing Mg-H equilibrium pressures with the change

in temperatures for each reaction,
Kmeas = Kact™ g(P).

Here ky is the actual reaction rate and g(P) represents the relationship between the
driving force and pressure, which either follows a linear (1-Ps/P) or parabolic (1-
(Peq/P)llz) relationship for absorption and desorption (replace Pey/P with P/Py). P isthe
H» pressure during the reaction and Py is the equilibrium H; pressure. Separate Mg

absorption experiments show that the experiments here follow the parabolic relationship
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dlightly better than the linear relationship, and the calculation of activation energies uses
this relationship, but these experiments could not rule out the possibility that the driving

force follows the linear relationship.
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Chapter 6

Solution-synthesized Mg nanocrystals: In situ doping with Ni), physical
characterization and H,-storage properties

Sarah Frederick completed all XRD and TEM experiments in this chapter. Zhaoping Ni
(Shores Group - CSU) synthesized the magnesocene precursor material. Timothy Arthur
performed all other experimentsin this chapter.



6.1 Introduction

Magnesium metal, when hydrogenated to form MgHo, is a potential solution towards
finding an effective hydrogen-storage material due to the large gravimetric capacity (7.6
Wt.% H,) and volumetric capacity (110 kg Ho/m*)*3. As a bulk powdered material, Mg
has slow rates of hydrogenation and dehydrogenation (H/D) at temperatures below 623
K. However, kinetic enhancements have been made by ball-milling bulk-Magnesium
powder into micro- and nanoparticles*®. Magnesium nanowires of different diameters
have also been synthesized with elaborate high-temperature CVD techniques’, showing
excellent adsorption and desorption kinetics at temperatures < 573 K, but after 10 cycles,
the wires sintered into nanoparticles.

The increased surface area of nanostructures offers larger number of H, dissociation
sites and fast gaseous diffusion to the center of the materia’®. In addition, the rate-
limiting step is the diffusion of H through B-MgH,; therefore, particles of small sizes
facilitate faster H-transport to the core of the particle as compared to larger particles.
The rapid increase in kinetics, compared to bulk powdered-Mg, highlights the successful

approach to increasing the sorption rate with nanostructured materials’**®

. Previoudly,
we have illustrated a novel solution-based method of synthesizing Mg nanoparticles with
low polydispersity and high-yield**. Hydrogenation and dehydrogenation rates were also
found to be the fastest for solid Mg hydrogen storage materials. The rate of
hydrogenation and dehydrogenation for our smallest solution-synthesized Mg NCs, ~16
nm, are superior to rates observed by other groups for ball-milled Mg particles and CVD-

synthesized Mg-nanowires. However, our initial calculations for activation energy, E,, of

hydrogenation (90-120 kJmol)® and dehydrogenation (130-150 kJmol)*? are
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comparable to values obtained for both microstructured Mg-powder and nanostructured,
ball-milled Mg. A substantial decrease in E; is observed by doping Mg with a catalyst
particle. Zero valence transition metals have been shown'®*" to be catalytic towards the
splitting of Hy-gas.

Using dopants in hydrogen storage materias facilitates faster kinetics and better rates
at higher (adsorption) or lower (absorption) temperatures*2#1%181%: however, the mass of
the dopant decreases the gravimetric capacity of stored-H,. Finding a minimum mass of
catalyst is vital to achieving the maximum storage. It is also advantageous to find new
ways of doping materials; in particular, solution-based synthetic methods can make
homogenous nanomaterials whose physical properties differ within a very narrow range.
Doping in solution uniformly may distribute the catalyst across the surface of the
nanoparticles, but this method of doping Mg has not been reported. Doping with ball-

milling techniques produces inhomogeneous doping products™?>%,

For example,
Hanada et al.* report the presence of three separate phases of Ni after ball-milling Mg
with 5 wt.% Ni-powder: MgzNi, Niy) nanoparticles, and Nigy on the surface of Mg.
Deciphering the catalytic effect of each of phases is difficult to accomplish. Ares et al.?*
also detect the presence of impurities from a milling procedure, and the hydrogenation
and dehydrogenation kinetics varied drastically with the type, size, and purity of the
milling material. As a result, hydrogen adsorption and desorption rates for Mg ball-
milled with the same amount of catalyst can vary between reports™®*"*,

The effect of doping on hydrogenation and dehydrogenation rates with various

catalytic transition metal (TM)™**"?*3* transition metal aloys (TMA)**, and transition

metal oxides (TMO)** has been extensively studied. In high-temperature storage
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media, such as Mg, dopants have been found to lower the E,, reflected by the faster rates
at lower temperatures. Nickel metal is a popular choice of dopant for Mg because it is
cheap ($3.20/g — Sigma Aldrich), light (compared to 2" and 3" row TMs), and aloys
with Mg to form another H,-storage material, MgNi**. Ni aso has a large nucleur
cross-section, which permits small amounts to be detected with neutron diffraction. Fuji
et al.> concluded that Niy is the best first-row TM catalyst for hydrogen storagein Mg.
Wronski et a.> and Li et al.”’, have adso studied the effect of micro- and
nanoparticles of Niwy on the desorption kinetics of MgH>. Though a substantial
improvement in the E, (desorption) was observed for doping levels as low as 5 wt%
Nim), the current, synthetic methods still relied on mechanical-milling techniques over a
long period (20 h) or hydrogen-plasma metal reactions®. The only solution-phased
synthesis of Mg was demonstrated by Bogdanovic et al.*?, and was achieved by the
hydrogenation of magnesium-based organometallic compounds. No solution-phase
doping of MgNCs has been reported. Here we investigate the solution-based in situ

Nim)- doping of MgNCs and the effect of doping on the hydrogenation/dehydrogenation

kinetics and cyclability.

6.2 Experimental

Chemicals. 1,2-dimethoxy ethane (glyme, Sigma-Aldrich, anhydrous, 99.99 %) and
hexanes (Sigma-Aldrich, anhydrous, 99.99 %) were refluxed over sodium for 12 h before
use. Magnesocene (MgCp,) was synthesized from literature methods by Zhoaping Ni
(Shores Group - CSU), and the purity was confirmed with *H_NMR; all chemicals

materials were purchased from Sigma-Aldrich and used as recelved. Phenanthrene
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(Sigma-Aldrich, 99%) and nickelocene (NiCp,, Strem Chemicals, 99%) were used as
received. All chemicals were stored in a No-filled glove-box with O, and H,O levels <
0.1 ppm.

Synthesis of Mg NCs:. All steps were performed in a No-filled glove-box.

A. Preparation of reducing solution (RS: The 0.1 M KPHEN/glyme

homogenous reducing solution was synthesized via:

Glyme
om0y =y e

After centrifugation to remove the unreacted Ky or potassum salts, the
product was a viscous dark-green solution.

B. Preparation of Mg NCs: A 0.04 M MgCp,/glyme solution was heated to 70
°C under vigorous stirring. The RS was then added rapidly and the

temperature was reduced to 40 °C. Reaction (2):
O | Glyme O
2 K* Q Q + Mg —» Mg + 2 Q Q + 2K'Cp 2)
70°C
-
produces a light-green solution with a black precipitate (MgNCs).

C. Preparation of Nigy)-doped Mg NCs: For Ni-doped samples (0, 1, 5 and 20
wt%), a 25 mol% excess of the RS was used. Once the Mg NC solution

cooled to 40 °C, a predetermined volume (calcul ated assuming the complete
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conversion of NiCpy) of 0.01 M NiCp,/glyme solution was added drop-wise

with constant stirring (3):

0.05 K* OQQ + X ;Jn + Mg X: 0.02 ( 5 wt%) and 0.004 ( 1 wt%)

Glyme

—® Mg:xMgNi + xKCp + X O + (0.25-x) K* O
40°C

The solution was stirred for 30 min. The product was then centrifuged and washed with

®3)

clean glyme severa times until the supernatant was clear. The product was dried under
vacuum resulting in a light-black powder. The yield for the reaction is 90-95 % and it
was consistent for Mgm) batches ranging from 25 mgto 1.5 g.

Hydrogenation/Dehydrogenation (H/D): Absorption and desorption isotherms were
collected using a Seivert’'s type apparatus in the pressure range of 8.85-8.88 bar
(hydrogenation) and 0.19-0.20 bar (dehydrogenation). The volume of the system was
calibrated gravimetrically with isopropanol. Changes in pressure were monitored using a
high-pressure gauge (MKS Model 627 Absolute Capacitance Manometer) for adsorption
measurements and a low-pressure gauge (KJL 1500 series Diaphragm manometer) for
desorption measurements. Ho-sorption measurements from our previous work were taken
without digital pressure gauges or an automated timing system™®. Cycling experiments
were performed by hydrogenating each sample for 30 min at the given temperature,
raising the temperature 50 K to the desorption temperature, and then recording the

dehydrogenation kinetics at the new temperature. All samples were then dehydrogenated
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at 573 K for an additional 1 hr before beginning a new cycle.  Both pressure gauges
were interfaced with a PC-controlled LabView program.

Physical characterization - X-ray photoelectron spectroscopy (XPS) (Phi 6500) was used
to characterize the surface of the Mg NCs. Measurements were performed with a 5800
series Multi-Technique ESCA system and analyzed using Multipak software. An Al
monochromatic source operating at 350.0 W was scanned with a pass energy of 58.7 eV
in intervals of 0.125 eV step™ over the range indicated on the spectra. All XPS spectra
were shifted so that the adventitious C1s peak was located at 284.7 €V. Peak positions
are reported from peak-fitting of the data. Low magnification TEM images used for
particle size analysis were obtained on a JEOL JEM 2000 at a working voltage of 160
kV. High resolution TEM images and selected area electron diffraction were obtained on
a Philips CM200 TEM at a working voltage of 200 kV. EDX was obtained on the same
TEM using a Princeton Gamma-Tech Prism Energy Dispersive X-Ray Spectrometer. The
samples were prepared by sonicating a small amount of sample in a solution of glyme.
Carbon-coated copper TEM grids (200 mesh, Structure Probe, Inc.) were dipped into this
solution three times and dried. X-ray diffraction patterns were obtained on a Scintag X-2
Advanced Diffraction system equipped with Cu Ko radiation (A\=1.54 A). The XRD
samples were prepared by covering Mg NC powder with a mixture of glyme and mineral

oil to prevent oxidation.
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6.3 Results and discussion
Synthesis of undoped and Niy)-doped MgNCs

The synthesis of magnesium, and magnesium-halide salts in particular, has long been
an important preparation step for Grignard chemistry. In 1981, Rieke et al.> reported the
preparation of highly reactive magnesium metal by the reduction of MgCl, with lithium
metal and a small amount of electron carrier (naphthalene and biphenyl) in glyme or
THF. Since this reaction was merely a first step towards making highly reactive
Grignard reagents, little physical characterization was done to optimize particle size or
size-distribution of Mg. No H; absorption or desorption work was done.

To make Mg NCs, we have adapted this synthesis by using a metallocene precursor
and a stoichiometric amount of reductant. By rapidly mixing the reducing solution with
the heated metallocene solution, as in “hot-injection” methods for nanostructure
synthesis, we obtained a high-yield of Mg NCs with a small size distribution. We have
achieved this synthesis with a variety of alkali metals (K, Li and Na) and electron carriers
(phenanthrene, biphenyl and naphthalene) in glyme and produced Mg NCs ranging from
16 nmto 38 nm (via XRD). In thiswork, however, we will report only on the synthesis
of 32 nm Mg NCs with varying amount of Ni¢, dopant, to determine the role of the
catalyst on the sorption kinetics of the Mg NCs.

The next synthetic goal was to find a suitable Hp-sorption catalyst that could be
uniformly distributed across the surface with Mg in the solution phase. The challenges
involved the reactivity of Mg with the anions of many metal salts and solubility of the
dopant-precursor in glyme. Table 6.1 outlines the reduction potentials for some of the

reaction constituents of the Mg NC and Niy)-doped Mg NCs. NiCp, does not deposit on
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the Mg NCs without the presence of the reducing solution, although it is
thermodynamically favorable. However, at 40 °C in the presence of excess reducing
solution (0.25 mol), elemental Ni is detected on the surface of the nanoparticles (via XPS
— discussed below). The reduction of NiCp, onto the surface of Mg NCs is an interesting
process that deserves further discussion (6.4).
XPSanalysis of undoped and Niy-doped MgNCs

The surface of the MgNCs was analyzed with high resolution scans of the Mg 2s, Mg
2p, Mg KLL, O 1s, Ni 3d 3/2 and Ni 3d 1/2 regions. Since keeping the MgNC samples
totally air-free was not possible, all samples were exposed to an ambient environment for
a short time (~3 sec). There is no apparatus to transport the Mg NCs from the No-filled

glove-box to the X-ray spectrometer.

1.5eV 52eV
—

1170 1175 1180 1185 1190
KE (eV)

BE

Figure 6.1. a) XPS HRES spectra of the Mg 2s and Mg 2p regions. b)The Mg KLL peak
when binding energy (BE) has been converted to kinetic energy (KE).
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The highly-exothermic reaction of Mg with O, (Mgm) is pyrophoric) and the
nanoscale dimensions of the metal caused surface oxidation reactions to quickly form a
shell of MgO. Experimentally, the surface-oxidation had two consequences.  Friedrichs
et al.> outlined a better means to resolve Mg and MgO. First, the separation of binding
energies for the two oxidation states of Mg is small. the Mg 2p peak splitting (~1.5 eV)
between Mg® and Mg® compounds is better than that seen for the Mg 2s peak that
typically fit to only 1 peak (Figure 6.1a). By plotting the kinetic energy (KE) instead of
the binding energy (BE) for the Mg KLL signals, the larger peak separation (~5.2 eV)
permits the two compounds to be resolved (Figure 5.1b). In addition, the KE for Mgm
and MgO in the Mg NCs match values found in literature®®>’.  Another consequence of
surface-oxidation is the conductivity of the samples. Once MgO is formed, the
conductivity of the Mg NCs decreases dramatically; 4.4 x 10° Q m for Mgy to 100 -0.1
Q m) for MgOy (depending on the oxygen content). The poor conductivity leads to poor
signa to noise ratios for the Ni 3d peaks and atomic percentage comparisons are
unreliable. Elemental analysis to determine the exact content of Nigy on the surface is
underway.

The peak positions were consistent between samples, and the curve-fitting analysis of
the Ni 3d /2 and 3d 3/2 are shown in Figure 6.2 and Table 6.1. The results highlight two
major differences between the Ni® on the Mg NCs and the Ni**-ion in Ni(OH), that had
formed on nickel powder. The 3d 1/2 - 3d 3/2 doublet shifts to higher binding energies
for Ni as the oxidation state of the element increases because the effective nuclear charge

felt by core electrons increases as the oxidation state increases. The 3d 3/2 peak for
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Table6.1. Peak positions for synthesis —related Ni
compounds.

3d 1/2 3d 312 Ap

Sample 7 ) (V) (&V)

NionMg 8702(3) 8535(2) 16.7(2)

Ni(OH)2  g743 3) 8566(2) 177 2

(Ni Powder) (sat) 862.4 (2)
Ni(OH)> 874.4 856.6 17.8
(NIST) (sat) 862.4
NiCp, 856.6
Ni (870.7) 852.9(4)  17.2(2)

Ni(OH), and NiCp; shifts +3 eV on average to the Ni peak seen in the Mg NC Ni 3d
HRES scans and compared to literature values compiled by NIST®*®. The splitting
between the 3d 1/2 and 3d 3/2 peaks for Ni in different oxidation states is also a good
indication of the nickel valency. The splitting of the 3d peaks for Ni on the Mg NCsis 1
eV less than the splitting observed for Ni(OH), and close to values reported for Nigm). The
exact valency of the Ni cannot be determined, since anionic nickel (from MgNi alloy
formation) on the surface has not been discounted. However, peak positions and peak-
splitting analysis has proven the transformation of NiCp, to a metallic or anionic form of
Ni. EXAFS measurements and neutron PDF analysis will further elucidate the nature of
Ni on the MgNCs. For the remainder of this work, the Ni will be referred to as Ni® or
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Ni on MgNCs

(I |
840 850 860 870 880 890 900
BE (eV)
Figure 6.2. XPS HRES spectra of the 3d region for Ni for NiOH (on Niy, powder, top) and
Ni° on MgNCs (bottom).

XRD and TEM of undoped and Ni)-doped Mg NCs

Figure 6.3 contains powder-XRD patterns of undoped-Mg NCs, 20 wt.% Ni-doped
Mg NCs, p-MgH, and Ni-powder. All the peaks in Mg NC samples index to hexagonal
Mgm). Scherrer analysis of the most intense peak at 26 of 36.7° gives a size estimate of
32 nm for the undoped and 20 wt.% Ni-doped Mg NCs, consistent with our previous
report. The pattern labeled B-MgH> is the diffraction pattern of a5 wt% Ni-doped sample
hydrogenated at 523 K for 30 min. No peaks index to Mgum), indicating the complete
conversion of Mg to MgH,. Also, no Mg NC or MgH, samples display the presence of

any Nim) peaks. Thisresult implies that any Ni present in the Mg NCsis not crystaline;
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that is, the Ni does not have any long-range structural order. Reported XRD patterns™®™>*
of Mg(m) ball-milled with 5 wt.% Nim) can detect crystalline Ni(y,). However, XPS results
indicate the presence of Ni® on the surface of the Mg NCs. Therefore, we hypothesize
our synthetic method deposits Ni® on the surface, but the Ni° is not crystalline. Neutron
diffraction of Ni-doped Mg NCs has been obtained in collaboration with Dr. Steve

Conradson at LANL, and the data analysis by his group will help determine the location

and oxidation state of the Ni.
1250 t S
©  NiPDF-01-071-4655
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Figure 6.3. XRD patterns of undoped MgNCs, 20 wt.% Ni-doped MgNCs, MgH, and Niy-
powder.

Figure 6.4 is a HRES TEM image of 5 wt.% Ni-doped Mg NC sample. The
agglomerated nanocrystals have no defined shape due to the lack of any surfactant in the

synthesis. The familiar size and shape of the Mg NCs, when compared to 32 nm pure
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Figure 6.4. HRES TEM image of 5 wt.% Ni-doped MgNCs. EDX spectrum of 5 wt. % Ni-doped Mg
NCs.

Mg NCs (Chapter 5), highlight the consistency of the synthesis. Superfluous organic
materials will decrease the Hy-storage capacity of the nanocrystals, and therefore,
surfactant coating was never part of the synthetic plan. Analysis of > 200 particles gives
a size-distribution of 36 £ 11 nm, close to the value obtained with Scherrer analysis.
There are no obvious islands of Nigm on the surface of the Mg NC, but the result is not
surprising because of the lack of any crystalline Nigm) in the diffraction pattern. EDX
analysis (inset) does detect the presence of elemental Ni throughout the sample.
Hydrogen absor ption and desor ption properties

The H/D kinetics of the Mg NCs were monitored directly at various temperatures (523

K, 548 K and 573 K) for absorption and (573 K, 598 K and 623 K) desorption. Figure

138



6.5 is the reacted fraction of H, plotted against time of the Mg NCs during the
hydrogenation and dehydrogenation process. The positive influence of the 5 wt.% Ni
catalyst on both processesis apparent, asit takes < 1 min to absorb 80 % of the maximum
capacity (523 K) and about 10 min to release 80 % of the absorbed H as H, gas (573 K).
The undoped particles took approximately 5 min and 24 min to achieve the same limits.
The MgNCs doped with only 1 wt.% Ni produced absorption isotherms that were

comparable to the undoped nanocrystals. The desorption on-set time (before any release

1.0 0.0

0.8+ < -0.2
= M
2 3
5 0.6 -04 g
0w o
g ! 5wt % Ni =]
| — — 1wt %Ni i g
g 04 ; 0wt % Ni 06 ¢
510 g
o 0.24 L 0.8 g

0.0 1.0

0 5 10 15 20 25 5 10 15 20 25 30

Time (min)

Figure 6.5. Hydrogen absorption (523 K) and desorption (573 K) of MgNCs
with 5 wt% (line), 1 wt% (dash) and 0 wt% (dot) Nim)

of H, gas) for the doped samples is faster than the undoped samples at 573 K and small
observed effect on the E, of the particles is discussed later. Since the particles are the
same size and have a low polydispersity, the improved kinetics are attributed to the
presence of the Ni-catalyst.

The sorption data was fit using the Johnson-Mehl-Avrami (JMA) equation, x; = 1-
exp(-kt)", where x; is the fraction of Mg or MgH, that has reacted for absorption or

desorption, k isthe reaction rate, t is time, and n is the reaction exponent. For full details
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on calculations, see Chapter 5.6 - “Notes on Calculations of reaction rates and activation
energy”. Values for rate constants were obtained from the fit to the data, and Arrhenius
plots were extrapolated (Figure 6.6a and b for absorption and desorption, respectively).
The linear trend fitted to the Arrhenius plot was used to calculate the E, for the Mg NCs.
Table 6.3 outlines the results obtained from the kinetic data.

The inclusion of 5 wt.% Ni® dopant onto the Mg NCs dramatically decreased the
activation energy for absorption for the Mg NCs. The value is comparable to reported
Eq's for ball milled Mg and MgH, with small amounts of transition metals, transition
metal oxides, and transition metal halides'. The effect on E, is less pronounced for the 1
wt.% sample, however, as the absorption of H; is only slightly better than the pure Mg
NCs. The doping level for 1 wt.% is very low compared to doping amounts used in ball-
milling samples. Since one of the drawbacks to using a large amount of catalyst particles
for H, absorption is the corresponding decrease in wt.% of H, gas absorbed, finding a
lower limit to amount of catalyst used while still maintaining acceptable kinetics is
advantageous. The catalyst is well dispersed through the synthetic method, but the low
atomic percentage may not provide enough catalytically active sites to have a strong
effect on the hydrogenation kinetics.

The desorption Ezs of the Mg NCs are less effected by the presence of the Ni on the
surface of the Mg NCs. The values obtained are lower than bulk Mg-powder (140-160
kJmol), but the change in activation energy between 5 wt.% Ni-doped and undoped

samples are similar to those obtained by ball- milling. More recently, literature has
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Figure 6.6. Arrhenius plotsfor the hydrogenation (a) and dehydrogenation (b) of MgNCs with
5 wt% (square), 1 wi% (circle) and O wt% (triangl€) Niy,

Table 6.2. Calculated activation energies for absorption and desorption.

E. (KJ/mol) —Cycle 1

E. (KJ/mol) —Cycle2 E,(KJ/mol)—Cycle3

Sample H/D H/D H/D
MgNC - 5wt % Ni 26.3/115.7 15.6/ 105.6 12.8/123.7
MgNC - 1wt % Ni 65.7/132.4 60.1/133.2 80.0/134.1
MgNC - 0wt % Ni 81.9/153.4 85.6/152.6 78.1/153.5

indicated that the JIMA model used to for fitting the desorption data does not take into

account surface activation processes and overestimates the E; of desorption

49-50,52

Therefore, the Kissinger method, which relates the temperature of endothermic heat flow

to sample heating rate, is a better model to study the effect of Niy-doping on the

desorption of MgH, NCs. DSC measurements, performed by Sarah Frederick (Prieto

Group - CSU), are underway.

The effect of Ni-doping has aso been found to aid in the H/D cycling capabilities of

the Mg NCs and that effect is reiterated here with the cycle-number experiments. Figure
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6.7 displays the different isotherms observed for the 5 wt% Ni)-doped samples (a,b), the
1 wt% Nim)-doped samples (c,d) and the undoped Mg NCs (ef). There is an obvious
decrease in reaction rate for the undoped samples found at all temperatures (Figure 6.7c,
inset). The uniform decrease in the rate constants at all temperatures is hidden by the
datain Table 6.2; that is, a constant activation energy value through multiple cycles does
not necessarily imply a constant rate. However, the Arrhenius plot for the 5 wt.% and 1
wt.% Ni-doped samples (Figure 6.7a and c, inset) shows very little change in k with cycle
number. Though 3 cycles is not enough to report a truly comprehensive study on the
cycling capabilities of Mg NCs, retention of reaction rates are necessary for practical
applications. The continued catalytic activity of the Nigm is important to realizing Mg

NCs as a viable H,-storage material.

6.4 The formation of Ni° on the surface of Mg NCs
The reported literature concerning electrochemical reduction of nickelocene is complex.

Gubin and coworkers®

proposed that the reduction of the complex is a 2 electron,
irreversible reduction.  Geiger et al.®, using low temperature electrochemical
measurements, suggested that the reduction of NiCp, follows a slow 1-electron
electrochemical reduction followed by a (or severa) chemical reaction(s) that produce a
more easily reduced product (ECE mechanism). An observed large peak separation aso
suggested to Geiger that the heterogeneous reduction of NiCp, involves structura or
solvation changes, but is also only stable at low temperatures (-56 °C). Therefore, we

suggest three processes that may take place for the in situ reduction of NiCp, in the

presence of the reducing solution.
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Figure 6.7. Hydrogenation (523 K) and dehydrogenation (598 K) of 5 (a,b), 1 (c,d) and O (g,f)
wt% Nigy doped MgNCs. Each sample was cycled 3 times and the Arrhenius plots for
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Table 6.3. Reduction Potentials (vs H/H*) for MgNC synthesis

Li*+e- — Li_ -3.04V
K+e- — K -2.93V
Na*+e- — Na 271V
Biphenyl +e- ——  Biphenyl’ 267V
Napthalene + e- —— Napthalene -2.60V
Phenanthrene + e- —— Phenanthrene 255V
Mg* +2e- — Mg -2.38V
NiCp, + 2e- — [NiCp,]* -1.50 V62
or
NiCp,+e- —» [NiCp,J -1.48V%

First, the reducing solution is strong enough to immediately produce Nim clusters,
which are then deposited onto the surface of the MgNC. The high-surface energy of the
Mg nanoparticles drives the Nig to agglomerate together, or to the surface of the
MgNCs. This pathway suggests that there will be the presence of clustered nickel
nanoparticles or the presence of crystalline nickel on the surface of the nanoparticles.
Neither is observed in either XRD or TEM analysis, even on samples made with a 20 wt
% Ni(m).

Second, the reduction of the NiCp, is slow, as observed by the previous studies. By
following the results obtained by Gubin, a more likely reaction pathway is the slow
formation of the [NiCp,]? by the reducing solution, followed by a coulombic attraction of
the metallocene anion to the dlightly positive “mirror-charge” of the Mg NCs. The
surface of the Mg can now catalyze an intramolecular reduction of the highly-unstable
[NiCp2]* (at elevated temperatures) of the Ni** metal core to Niy, forming small islands

of Ni(m) on the surfaces and edges of the Mg NCs.
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Finally, and closely related to the second pathway, the reduction of the NiCp, can
happen by only one electron. Geiger observed the presence of this anion
electrochemically, albeit at -56 °C, and it would also be coulombically attracted to the
surface of the Mg NCs. The highly unstable d® complex would likely undergo a
structural reformation (supported by slow electron dynamics observed electrochemically)
by forming a more stabilized staggered geometry. The change in symmetry®* of the
[NiCp,]” has multiple consequences beyond stabilization of the eg* antibonding orbitals
(now split into @, and b, orbitals). The bonding n-orbitals are destabilized, decreasing
the bonding character between the Ni** metal core and the Cp rings. This facilitates a 6-c
bonding interaction between the Mg 2s bands and the [NiCp]’, further weakening the
bonding between the metal core and the Cp-rings. At this point, a co-reduction of the
complex, one electron from the dangling Mg bonds and one from the reduced anti-
bonding b, orbital, can inject into the Ni 4s orbital. This stabilizes the surface of the Mg
NCs, plates Ni° onto the surface and releases 2 Cp’ anions into solution. Hypothetically,
reaction (3) happens in three steps (disregarding the first suggested reaction pathway): the
formation of the [NiCp,]™ (A = 1 or 2) anion, the attraction of the anion to the surfaces
or edges of the Mgm), and finally the intramolecular or co-reduction of the anion to form
Nim), evenly distributed on the surface of the Mg NC.

Repulsive negative charges between [NiCp,]*" molecules on the surface of the Mg
NCs, aong with a slow drop-wise addition and vigorous stirring, could contribute to the
theorized distribution of the Niy)-dopant evenly across the surface of the Mg NC. Then
the reduction of the complex’s Ni-core, possibly aided in any structural changes in

[NiCp,]* caused by the coulombic attraction to the metallic surface of the Mg NC, can
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proceed. Nim forms without the presence of much long range order, implied by the
presence of Ni®in XPS spectra but not in XRD patterns (even at a high concentrations of
NiCp,). Gubin's two-electron irreversible reduction is predicated on the presence of a d'°
[NiCp,]% anion, which has never been observed electrochemically or spectroscopically.
The complex [NiCp;]” is aso very eectron rich, but the existence of the anion has been
shown electrochemically®.

Though much work needs to be done to affirm or disprove our theories, one easy
experiment was performed, where NiCp, was added to the reducing solution without the
presence of Mg NCs. In this case, no Nig was formed and the reducing solution
remained dark-green. Therefore, the presence of the highly-active Mg NCs must aid the
intramol ecular reduction, likely through a surface-induced structural rearrangement of the
molecule or the mixing of the c-orbitals in the staggered complex. Further investigations

into the exact mechanism of the doping reaction are underway.

6.4 Conclusions

The synthesis of Mg NCs out of solution has opened new pathways to control the size,
apply the dopant and understand the H,-sorption properties of a promising storage
system. The importance of Mg, in Grignard chemistry provided a start to a novel
synthetic method. The capability of Ni° to coat the surface of the Mg was more complex.
MgCp,'s solubility in glyme and structural similarity to NiCp, was fortunate, but there
are very different bonding and reduction properties of the two metallocenes. Solution
methods to form and dope nanocrystals is a scalable process. Large amounts of Mg NCs

can be synthesized, since the largest samples (1.5 g) were only limited by available glass-
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ware. Additionally, the synthesis does not require expensive ball-milling equipment.
The uniformity of the Mg NCs affords the direct comparison between the physical and
sorption properties of the light metal hydride.

The physical analysis of the Mg NCs illustrated the synthesis of low-polydisperse,
hexagonal-magnesium nanoparticles in alarge range of crystal sizes. Through careful in
situ doping techniques, Ni® was uniformly dispersed throughout the Mg NCs. Crystalline
Ni was never detected in XRD patterns, however, the presence of elemental nickel was
confirmed by EDX and XPS. Curve-fitting anaysis of the Ni 3d region reveaed the
oxidation of the Ni on the surface to be neutral or anionic, but further EXAFS analysisis
needed to determine the exact nature and role of the catalyst.

The H/D analysis of the Mg NCs displayed some outstanding kinetics for hydrogen
storage. The presence of a Nim catalyst at 5wt % on the MgNCs reduced the E4(abs) by
an order of magnitude. Desorption kinetics based on DSC measurements (Sarah
Frederick - CSU) will be compared to the rate constants obtained from the IMA model.
The effecst of 1 wt% Ni on the absorption properties were less pronounced, but the Mg
NCs maintained a constant rate through three cycles (Figure 6.7c).

Our unique synthetic method may be applied for other/additional dopants on the
surface of Mg NCs. The uniform dispersion of mixed-dopant systems can maximize both
the absorption and desorption of H,. Multiple synthetic methods are important to finding
unigue solutions to our energy needs. The hydrogen economy is dependent on finding
new materials, or new synthetic methods to make better materials, for efficient and

reversible H, storage.
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