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ABSTRACT

Batteries are ubiquitous in daily life. Sodium-ion batteries have the potential to
become inexpensive alternatives to the current market products such as Lithium-ion
batteries. TiO, nanotubes have proven potential as an anode for Na-ion batteries.
Electrolytes made by NaClO, salt and carbonate-based solvents make up commonly used
electrolytes in sodium ion battery research. We used electrochemical and physical
characterization tests to evaluate the optimum electrolyte for this anode material in the
Na system. We determined that the CIO,” ion decomposes at the TiO, surface and
promotes the formation of an unstable solid electrolyte interphase. A salt more stable
than NaClO4 needs to be researched in the electrolyte for future use with TiO, anodes in

sodium-ion batteries.
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CHAPTER ONE: INTRODUCTION
1.1 Background

Batteries are ubiquitous in daily life. Lithium-ion (Li-ion) batteries have been
used in consumer electronics since they were introduced to the market by SONY
Corporation in the 1990s". Li-ion batteries are preferred in consumer electronics because
they have the highest energy density among commercially available primary and
rechargeable battery technologies. In addition, due to their high energy densities, Li-ion
batteries have been introduced into the automobile market to power the next generation
electric vehicles. Li-ion batteries are also being used as stationary power supplies for
large-scale grid applications. The increasing demands of these markets raises the
question of whether these demands could be met by the global lithium reserves.
Moreover, the majority of the global lithium reserves are located in South America®. This
inequitable distribution has the potential to lead to a new collective of resource-rich
countries on whom resource-poor countries must depend. An alternative energy storage
system is needed; Sodium-ion (Na-ion) batteries can potentially answer these concerns.

Na-ion batteries are a promising alternative to Li-ion batteries. Both Li and Na
are alkaline metals. Na has many properties in common with Li because of its proximity
on the periodic table. Sodium is also available at significantly lower cost’. Finally, Na is
readily available in the oceans, inland seas, and dry lake beds, which gives easy access to

anyone who wants it* and could alleviate some of the geopolitical tensions that currently



exist because of energy politics. For these reasons, Na-ion batteries are being

investigated as an attractive alternative.

Cell Casing

Anode
Separator/Electrolyte
Cathode

\ Cell Casing J

Figure 1 Cross-section of an experimental half-cell battery. This type of batter
was utilized in the current work.

General battery configuration includes four major components: Anode, Cathode,
Electrolyte, and Separator (as seen in Figure 1). The anode and cathode are the
electrodes where the oxidation and reduction half-reactions occur during operation. The
separator is between the anode and the cathode. The separator must be capable of
physically preventing the anode and cathode from making contact to cause short circuit.
The separator must also be porous to allow the electrolyte to pass through and contact
both electrodes simultaneously. The electrolyte provides ionic transportation between the
two electrodes while at the same time providing an electrical barrier between them. In
the interior of a battery, charge is carried by ions moving through the electrolyte. lonic
mobility in the electrolyte is an important property because if the mobility is low then the
battery will only be capable of slow discharges and charges and consequently the power
of the battery is low. The electrode/electrolyte interfaces are also extremely important.
The rate of charge transfer across the interface impacts charge and discharge rates. The

presence of side reactions between the electrode and electrolyte at the interface can



significantly affect battery operations and cycle life. The solid electrolyte interface (SEI)
formed at the electrode surface might block the passage of ions to reduce the capacity of
a battery. Nevertheless, a stable SEI with capability to let ions pass through can act as a
protection layer of reactive electrode from further attack by electrolyte. As research is
done to develop new batteries, some requirements are universal; all battery components
need to be as non-toxic and environmentally benign as possible. Ideally the materials
used would also be recyclable and be produced using low energy processing techniques.

As electrode properties significantly affect the performance of a battery,
enormous research efforts have been invested in electrode materials discovery, design,
and optimization. A few suitable anode and cathode materials have been identified for
the Na-ion system. Because of the similarities in the chemistry for Li and Na, the electro-
active materials can often work in both system. Carbon*™!, Tin'?*3, and TiO,™ have
been identified as promising anode systems and oxides of Cobalt*>, Manganese®*”,
Vanadium®®*®, and FeP0O,**#, CrPO,%, and some mixed oxides?**’ have all been
identified as cathode materials for Na-ion batteries.

Carbon electrode research has reported up to 300 mAh/g capacity® for anodes
while exploring different precursors: pitch based carbon®, glucose®, carbon black®,
graphene®, and expanded graphite®® to name a few, and processing methods®®*°,
Graphene® and expanded graphite® have both demonstrated capacity for extended
cycles. Research in Sn, Sbh, and Sn alloys focuses on identifying the desirable
phases®**32%  The other major emphasis in Sn research is in reducing diffusion
12,34,32,35. In the

distances inside the electrode by reducing the electrode particle size

cathode research, research groups are exploring manganese oxide to determine the



structure, increase capacity, and facilitate Na ion mobility in the material**?33%-3,

Vanadium oxide research is concentrated on the stoichiometry and structure as well as

22,19,39,18,

processing nano-scale features 4041 " Research into FePO, similar to manganese

oxides, is focused on material structure and processing to reduce particle size and
diffusion distance?®###™4,
TiO, research is ongoing into the various crystal structure polymorphs: anatase®,

1*’, and monoclinic*® and have reported capacities as

amorphous™, bronze*®, hexagona
high as 240 mAh/g*® for Na-ion batteries. TiO, has been used in a wide variety of
products and is readily available in the marketplace, and the mature supply chain should
keep material costs low. TiO, also has multiple processing options. TiO, based anode
materials can be easily produced by several different methods: electrochemical™**,

474850 and hydrolysis*®>". Electrochemical processing is desirable because it is

pyrolysis
simple and scalable, which facilitates both researching the material and industrial scale
production. Electrochemical processing is flexible in the production of nano-scale
features, and facile nano tube growth has been demonstrated™®. Similar to the concerns in
Sn, Manganese oxides, Vanadium oxides, and FePO,4, Na-ion mobility and diffusion
distances in the TiO, structure affect the performance of the electrode. Reducing the
diffusion distance increases the rate of diffusion, and diffusion rate has a dramatic effect
on electrode performance®. lon movement into NTs moves perpendicular to the long
axis of the NTs, reducing the diffusion distance to a maximum of the NT wall thickness.

TiO, NT anodes in Na-ion batteries have the potential to become an inexpensive, high

performance replacement for current technology based on Li-ions.



Since interfaces between the electrodes and the electrolyte play a critical role in
battery stability, it is important to research the surface science of batteries. Reactions are
sensitive to and specific to the surface present, and may or may not proceed on the
exposed surface®. The reactions that occur at the interface should include the charge
conducting ion crossing the interface, but may also include the formation of a SEI. A SEI
is a layer of surface deposits that form from decomposition products produced by
electrolyte reactions at the surface of the electrode. The electrode acts as a catalyst or
reactant for these reactions. The SEI can be stable or unstable and reform during each
cycle. It can improve capacity, have no discernable effect, or it can degrade the capacity
and shorten the life of the battery. Altering the surface chemistry of an electrode can lead
to faster charge transfer across the interface and/or ion diffusion into the electrode®*°.
Because of the reactivity of the electrode surface, electrolytes are usually individually
matched to the electrodes. An ideal electrolyte will have very high ionic conductivity,
fully wet the electrode surfaces, have a wide electrochemical window, have no
extraneous reactions internally or with the electrode, and will be inert to other cell
components (separator, etc.). In order to meet such requirements, the electrolyte must be
optimized for each electrode system individually. Ponrouch et al. have worked on the
hard carbon system and identified 1 Molar (M) sodium hexafluorophosphate (NaPFg) in
ethylene carbonate:propylene carbonate (EC:PC) as an excellent electrolyte, exhibiting
greater stability on cycling up to 120 cycles®®>’. Their further investigations have shown
that by adding 10% dimethyl carbonate (DMC), the SEI was stabilized with good
Coulombic efficiency, 98.5%, over 100 cycles'. Bhide et al. worked on the cobalt oxide

(Co0y) system and discovered that using NaPFs produced an electrochemically stable



SEI during battery cycling®. Vidal-Abarca et al. studied the iron phosphate (FePO,)
system; they identified EC:diethyl carbonate (DEC) with NaPFg as the best electrolyte in
this system because it lead to the highest Coulombic efficiency and the greatest capacity
retention while cycling®. Komaba et al. worked with nickel/ manganese oxide
((Ni,Mn)O,) and determined that fluoroethylene carbonate (FEC) is an effective additive
for PC electrolytes because the FEC improves electrolyte stability, leading to greater
capacity retention®. Our previous work on a computational analysis with experimental
corroboration of electrolyte solvent analysis in the TiO, system has found that EC:PC
would make the most optimized electrolytes®’. Wu et al. also studied electrolytes in the
TiO, system, focusing on electrolyte salts, and found that the performance of a TiO,
electrode is dependent on the electrolyte present®. Wu et al. further recommend using
NaClO, as the salt in electrolytes for TiO, anodes.
1.2 Research Project

In this work, we investigated the performance of TiO, nanotubes (NTs) with
several different electrolytes. TiO, is a material commonly found in applications as
diverse as paints, solar cells, and pharmaceuticals, because TiO, is chemically inert and
non-toxic and environmentally benign®®. We have previously shown that TiO, NTs have
potential in Na-ion battery applications due to phase stability and promising specific
capacity, 150 mAh/g**. NTs are easy to produce by electrochemical anodization® .
Anodization allows fine control on both the diameter and the length of the NTs®.
Surface finish can also be controlled®™. Furthermore, the NTs have greatly increased

surface area, which can improve the reaction kinetics®.



The electrolytes that we tested were all carbonate-based liquid solutions with 1M
sodium perchlorate (NaClO,) salt. Carbonate liquids are commonly used for Li and Na
electrolytes and are readily available in high purity. In our previous work, we have
determined theoretically that NaClO,4 in binary carbonate solvents would have several
attractive properties for an electrolyte: low viscosity, high ionic conductivity and low
ionic solvation energies®. We have also identified EC:PC, EC:EMC, and EC:DMC as
the electrolytes that will have the best theoretical performance. We are building on this
foundation by experimentally determining the performance of these three electrolytes as

well as PC and EC:DEC from theoretical calculations and simulations.

Table 1 Dielectric constants of the organic solvents used in the electrolyte
optimization®”,

Organic Solvent Dielectric Viscosity

Constant (cP, 25° C)

Proplyene Carbonate (PC) 64.9 2.53

Ethylene Carbonate (EC) 89.8 1.90 (40° C)

Dimethyl Carbonate (DMC) 3.1 0.59 (20° C)

Diethyl Carbonate (DEC) 2.8 0.75

Ethyl Methyl Carbonate (EMC) | 3.0 0.65

Table 1 shows the dielectric constants and viscosities of the individual solvents
used. The dielectric constant will be directly related to the solubility limit of the salt in
the solution. The ability of the electrolyte to wet the surface of the electrode will be, in
part, inversely related to the viscosity of the electrolyte. PC and EC have the highest

dielectric constants, making them desirable for investigation. DMC, DEC, and EMC



have significantly lower dielectric constants, however, they have low viscosities. DMC,
DEC, and EMC are all thinner than water. In order to capitalize on the high dielectric
constant of EC but reduce the problems associated with the higher viscosity, mixtures of
EC:DMC, EC:DEC, and EC:EMC are being investigated.

Our focus is on characterizing the electrode and electrolyte behaviors by utilizing
electrochemical and physical methods. We will use the electrochemical methods to
quantify the material capacity and the electrolyte stability. We will use the physical
methods to determine the compositions of any SEIs that form on the surface of the
electrodes. We will compare the data generated from all of the tests to determine the
stability of the electrolytes and the SEIs that are formed. By quantifying the electrode
material capacity, the electrolyte stability, and the formation/stability of any SEI, we
expect to be able to determine the optimal electrolyte and make recommendations for

further work.



CHAPTER TWO: EXPERIMENTAL PROCEDURE
2.1 Materials Preparation

All chemicals were purchased from Sigma Aldrich and +99% pure unless
otherwise noted. All procedures and tests were run at ambient temperature. The
electrolytes were mixed and handled in an Argon-filled glovebox from MBraun. The
solvents used in the electrolytes were propylene carbonate (PC) and combinations of PC
with ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC), and
ethyl methyl carbonate (EMC). The solvent combinations were all in a 1:1 ratio by
volume. The solvents volumes were measured using an analytical scale to achieve
greater accuracy. After the solvents were mixed, NaClO, salt was added to the solvents
and allowed to dissolve in a covered container to prepare for a 1M solution. Electrolytes
were stirred using a magnetic stir bar for several hours to ensure complete dissolution of
the salt prior to being used in half-cells. The electrolytes were titrated with a Mettler
Toledo C30 Karl Fischer coulometer (in the glovebox) to determine the water content of
each of the electrolytes.

The TiO, NTs used as electrodes were synthesized by electrochemical
anodization with a previously reported method**®***®! The titanium (Ti) foil was
cleaned by rinsing in acetone, isopropyl alcohol (IPA), and deionized (DI) water for 5
minutes in sequence in a sonicator. After the surface had been cleaned and dried, the
back of the foil was covered with tape to confine the anodization to one side of the foil

and to ensure uniform current distribution during anodization. Foils were anodized in a
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formamide solution with 5% DI water (by volume) and 0.8wt% ammonium fluoride. The
Ti foil was anodized in a two electrode cell, as the working electrode, with a platinum
mesh counter electrode and a potential of 25 V for 30 minutes. After anodization, the Ti
foil was rinsed in DI water and sonicated for 15 seconds. The foil was then immersed in
IPA and subsequently annealed in a vacuum furnace at 110° C overnight.

Na half-cells were assembled using coin-type cells (Hohsen 2032) with TiO, NTs
as the working electrode and pure sodium metal as the counter electrode, with a glass
fiber separator (Whatman GF/F). TiO, NT electrodes were punched out with a 9/16”
punch, weighed and then dried in a vacuum furnace at 110° C for an hour prior to moving
them into the glovebox for assembly. No carbon additives or polymer binders were used
because the nanotubes were grown directly on Ti foil and remained attached, which
allowed the Ti foil to act as a current collector. The half-cells were assembled and sealed
in an Ar-filled glovebox (H,0, 0,<0.5 ppm).

2.2 TiO, NT Characterization

TiO, NT length and opening diameter were determined using a JEOL JSM-7500F
field emission SEM operating at 10kV.

2.3 Electrochemical Characterization Methods

The battery cycling performance of the as prepared electrode was investigated by
a Maccor battery tester. The half cells were galvanostatically cycled between 2.5 and 0.5
V vs Na/Na’. The cycling was done at a current of 16mA/g for all of the samples. Each
sample was subjected to 30 cycles.

Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS)

measurements were made using a CH Instruments Electrochemical Workstation
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(CHI1660D). Fresh half-cells were tested in each of these tests. The half-cells were
cycled between 2.5 and 0.5 V vs Na/Na" with a scan rate of 0.1 mV/sec for the CV
measurements. Each sample was recorded for 5 cycles. The EIS tests were conducted
from 10° to 10 Hz with an amplitude of 5 mV. EIS measurements were made on virgin
half-cells. After the initial measurements, the half-cells were discharged to 0.5 V on the
Maccor battery tester at 16mA/g and then a second set of EIS tests were conducted. The
half-cells were then charged to 2.5 V on the Maccor battery tester at 16mA/g and EIS
measurements were then taken for a third time. This cycle was repeated to acquire EIS
measurements for the fourth and fifth time. The state of charge for the half-cell during

each EIS measurement can be seen in Table 2.

Table 2 Half-cell states during each EIS measurement
EIS Measurement | Half-Cell State
First Virgin
Second Discharged (0.5 V vs. Na/Na")
Third Charged (2.5 V vs. Na/Na")
Fourth Discharged (0.5 V vs. Na/Na")
Fifth Charged (2.5 V vs. Na/Na")

2.4 Physical Characterization Methods
Physical characterization was performed to confirm the presence of an SEI. All
samples for physical characterization were cycled vs. Na/Na" prior to measurements;
after cycling, they were rinsed in DMC for 30 seconds twice and then vacuum dried in
the Ar-filled glove box. The electrode samples utilized in the FT-IR and XPS

measurements were at charged state (Na extraction), and the samples for the RAMAN
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measurements were in a discharged state (Na insertion). After rinsing the electrodes,
preparations were made for transport to testing facilities. For samples tested in open
atmosphere, they were sealed for transport in Al foil pouches in the glove box. The
RAMAN samples were hermetically sealed with epoxy in a pouch with an amorphous
silica window to permit measurements while maintaining an inert Ar environment as seen

in Figure 2.

Silica Window

Sample
Ar Environment
Aluminum Foil

Figure 2 Sample prepared for RAMAN measurements in hermetically sealed
pouch.

FT-IR measurements were made using a PerkinElmer Spectrum 100 in Attenuated
Total Reflectance mode. The spectra were collected between 4000 and 600 cm™ with a
resolution limit of 4 cm™. FT-IR spectra were acquired at room temperature in open
atmosphere. XPS was used to determine the binding states of the constituent elements at
the electrode surface. The XPS measurements were carried out in a PHI VVersaProbe 11
Scanning XPS Microprobe. Raman spectra were collected using a Horiba Jobin Yvon
T64000 triple monochormator that utilized a liquid-nitrogen-cooled multi-channel
coupled-charge-device detector. The probe beam used was a 325 nm ultraviolet laser.
All Raman spectra were acquired at room temperature through the amorphous silica

pouch window.
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CHAPTER THREE: RESULTS AND DISCUSSION

3.1 TiO, NT Characterization

100nm 5/6/2013
X 50,000 10.0kV SEI SEM WD 4.1mm 11:03:04

Figure 3 Top view of TiO, NTs in SEM

Figure 3 shows an SEM image-top view of the NTs after anodization. The
anodization process completely covers the foil surface with a visibly high density of NTs.
The opening on the NTs is between 80 and 100 nm. The side view of the NTs is shown
in Figure 4. The NTs are approximately 2.8 um tall. The ratio of opening to height is 1
to 28, which leads to very high surface area on the electrode. The wall thickness of the
NTs is 5-10 nm, meaning that the diffusion distances for any Na-ions in the structure will

be short.
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lpm 5/6/2013
X 16,000 10.0kV SEI SEM WD 6.8mm 3:05:26

Figure 4 Side view of TiO, NTs in SEM

3.2 Water Content in Electrolytes

The Karl Fischer titration results are seen in Table 3. The solvents used contain
ppm levels of water. EC:PC has the least water, followed by EC:DMC, PC, EC:EMC,
and EC:DEC. Water in the electrolytes has several potential problems. In a Na half-cell,
the water in the electrolyte could react with the Na counter electrode. Water in the
electrolyte could also cause reactions to occur in electrolyte solution that alter its
behavior. The water also has the potential to alter the surface of the TiO; electrode.
Altering that surface could have a dramatic effect on SEI formation, structure, and

stability. Ideally the water content of the electrolyte will be below detection limits.

Table 3 Results of Karl Fischer Titrations
Sample Water Content (ppm)
PC 47
EC:PC 20
EC:DMC 21
EC:DEC 400
EC.EMC >100
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3.3 Electrochemical Characterization
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Figure 5 Half-cells of TiO, NTs vs Na/Na*. A) Electrochemical capacity of the
half cells. B) Coulombic efficiency of the half cells.

The half-cells were all cycled at a low current rate of 16 mA/g. The low current

rate was used to allow the system to approach equilibrium conditions. Figure 5A shows
the capacity of the TiO, NTs half-cells measured with the different electrolytes used.
The TiO, NTs electrodes gradually lost capacity when cycled with each electrolyte. The
electrode cycled with EC:EMC had the lowest charge capacity and Coulombic efficiency
during testing. The poor performance of EC:EMC corresponds to high water content in
the electrolyte. Using PC lead to the highest charge capacity retention among tested
electrolytes. The difference between the charge and discharge capacities (indicated by
Coulombic efficiency in Figure 5B suggests that there are side reactions occurring during
cycling. This difference is most pronounced for the electrodes cycled with EC:DMC,
EC:DEC, and EC:EMC.

Figure 5B shows that the Coulombic efficiency of most of the cells is generally

low with exceptions of PC and EC:PC. The half-cell with PC has the highest Coulombic
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efficiency, 94%. Electrodes cycled with EC:PC remained more than 85% efficient, while
the rest had very poor efficiency and the corresponding loss of capacity.

Figure 6 shows the voltage profiles for the electrodes on the first, second, and
thirtieth cycles. The observed monotonically linear sloping voltage curves during
discharge and charge in all samples indicate a solid solution mechanism. There are some
similar features seen in the behavior of each of the cells. In the first cycle of each cell,
the discharge profile appears wavy. The ridges are an indication that there are side
reactions taking place in each of the cells. In Figure 6, the PC and EC:PC data show that
the ridges do not appear in either the second or thirtieth cycles, evidence that the side
reactions are forming a stable SEI.

In Figure 6, the data for the EC:DMC, EC:DEC, and EC:EMC show that the
ridges are still present after the first cycle. Though fainter, the presence of ridges
indicates that the side reactions occurring during cycling are not forming a stable SEI.
An unstable SEI would be dissolving during charging and consuming more energy every
time the half-cell is discharged. There is an accompanying loss of capacity with the SEI
seen in the half-cells using EC:DMC, EC:DEC, and EC:EMC, which is evidence that the

SEI formed is parasitic.
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Figure 7 shows the CV data corresponding to the cells. The expected reaction is

written as follows:

TiOys) + XNayq) + xe™ & Na,TiOy

ey
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This reaction describes the insertion/extraction of Na-ions into and out of the amorphous
TiO,. CV is used to obtain reaction information. When plotting the current against the
voltage, several features may become visible including the redox reactions that occur and
any changes in the reactions that occur between cycles. In Figure 7, there is a clearly
visible cathodic peak at approximately 0.75 V vs Na/Na" and a clearly visible
corresponding anodic peak near 0.8 V vs Na/Na+ on the cathodic curve for all samples.
Zhao et al. have shown that in this potential range the Na ions begin to diffuse into or out
of the TiO, NTs”. Xiong et al. have shown that at higher potentials the mechanism for
charge transfer at the interface is capacitive-limited, while as the potential is reduced the
charge transfer mechanism changes to a mixture of diffusion and surface capacitance*.
The current data shows the peaks where diffusion is expected to be seen, along with an
indication that there is activity at higher potentials.

Furthermore, the noticeable difference between the anodic and cathodic curves of
the first cycle and the subsequent cycles indicates that there are side reactions occuring at
the interface. The presence of moisture in the electrolyte may indicate that the H,O was
decomposing. Gonzélez et al. have shown that the downward facing tail at low potential
indicates H. gas evolution in an aqueous solution®®. This would suggest that the other
product of H,O decompostion is the OH" ion. The expected reaction is as follows

2H,0 + 2e™ - 20H( )y + Hay(g) (2)

The presence of hydroxide ions at the interface will be important later in the

discussion. This is not the only potential side reaction occuring during cycling.
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Cyclic Voltammetry Data, all electrolytes tested are reported here.
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Figure 8 EIS measurements of the uncycled half-cells. Insert shows the origin

in greater detail. Section 1 is the high frequency region. The high frequency region
describes the behavior of the bulk electrolyte. Section 2 is the medium frequency
region. The medium frequency region shows the interface and interface reactions.
Section 3 is the low frequency region, which indicates the diffusion in the solid
electrode.

Figure 8 presents the Nyquist plots from the EIS measurements of the uncycled
half-cells with each electrolyte. EIS was used to study electrode processes,
electrode/electrolyte interfaces, and ion mobility in the electrolyte by measuring the
electrical impedance. In a typical Nyquist plot of a specific electrode-electrolyte system,
the intercept of a semicircle at high frequency usually represents the resistance of the
system (contact resistance, electrolyte resistance, etc.); semicircle(s) at medium
frequency arise from SEI formation and charge transfer processes across the interface;

and a 45° line at low frequency is due to the ion diffusion in the solid. The area of the
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TiO, NT electrode was kept the same in all systems tested, hence the impedance in each
system can be directly compared. Any changes in the bulk electrolyte will alter ionic
diffusion and be seen at the intercept. The insert in Figure 8 shows that as-prepared
electrodes with various electrolytes all have similar system resistance as indicated by the
intercepts along Z’. The smaller diameter of a depressed semicircle in EC:PC compared
with other electrolyte systems indicates facile charge transfer at the electrode/electrolyte
interface. Clearly there are differences at the interface for the different electrolytes even
before cycling the half-cells.

Figure 9 reports the EIS results from a TiO, NT electrode in PC at different states
of charge. As seen in the Figure 9, intercepts at high frequencies, there is no discernable
change in the bulk electrolyte during cycling. The apparent change occurs during the
first discharge of the half-cell. The semicircle is an indication of a SEI formation. After
the first discharge, the interface appears to continue to change as seen by the differences
in the diameter of the semicircle in the EIS data in the successive cycles, but the changes
seen are much less drastic. We noticed that the impedance of the SEI layer increases
slightly in the second discharge compared to the initial discharge, which might be due to
the instability of the formed SEI layer but the effect is not significant. The impedance of
the SEI layer at the charged state (both first and second charges) is larger than those at
the discharged states, which might be related to the concentration of Na ions inside the
SEI layer. Diffusion behavior varies as the half-cell is discharged and then charged. The
EIS data for the half-cell with PC are consistent with the results from the capacity and
CV data that has been previously reported. An unstable SEI is forming on the TiO, NT

electrode during cycling. That the instability of the SEI is minor further agrees with the
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capacity measurements reported in Figure 5 because the half-cell with PC electrolyte has

high Coulombic efficiency and a corresponding high retention of capacity.
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Figure 9 EIS measurements for half-cell with PC electrolyte. The insert shows
the origin with greater detail.

Figure 10 reports the EIS results from a TiO, NT electrode in EC:PC at different
states of charge. The similar position of the intercepts of the impedance spectra for the
electrode at different states of charge indicates that the bulk electrolyte properties do not
vary when the electrode was cycled. The diameter of the semicircles at different states of
charge does not vary significantly, which indicates that the SEI layer formed in EC:PC is
more stable than the PC system. However, the impedance of the SEI layer in the EC:PC
system is higher than that in the PC system, which explains the lower charge capacity of

EC:PC in comparison with PC.
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Figure 10 EIS measurements for half-cell with EC:PC electrolyte. The insert
shows the origin with greater detail.

The impedance results of the EC:EMC system are presented in Figure 11 and
they follow a similar pattern that is seen in the PC and EC:PC systems. An SEI layer
might have formed at the electrode surface during cycling and the impedance of the
possible SEI layer is smaller compared to the PC and EC:PC system. The impedance at
the charged states is larger than that at the discharged states, indicating that the
concentration of Na ions in the SEI layer might play an important role in the charge
transfer across the electrode/electrolyte interface. In addition, the much larger impedance
of the SEI layer at the charged states could explain the low Coulombic efficiency in the

EC:EMC shown in Figure 5B.
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Figure 11 EIS measurements for half-cell with EC:EMC electrolyte. The insert

Figure 12 presents the EIS results from a TiO, NT electrode with EC:DMC at

different states of charge. Figure 12 shows that although there is no change in the

shows the origin with greater detail.

resistance of bulk EC:DMC electrolyte indicated by the intercepts of each plot, there is a

change in the behavior of the SEI. In contrast to the previous three systems (PC, EC:PC,

and EC:EMC), the impedance of the SEI layer decreases in the second discharge

compared to the initial discharge, which indicates cycling the Na ion in and out helps to

facilitate the ionic transport inside the SEI layer. On the other hand, it is likely that the
SEI layer is not stable and may dissolve and reform on each cycle. The EIS data is

consistent with the results from the capacity and CV data (Figure 5 and Figure 7) that

the SEI is highly unstable and parasitic.
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Figure 12 EIS measurements for half-cell with EC:DMC electrolyte. The insert

shows the origin with greater detail.

The Nyquist plots of the TiO, NT electrode in the EC:DEC system, shown in

Figure 13, follows the pattern of behavior seen in the half-cell with EC:DMC. A close

look at the semicircles in the Figure 13 insert shows that this interface has the least stable

SEI of the electrolytes tested. Major changes are seen every time the half-cell is charged

or discharged. This corroborates and in part explains the data reported in Figures 5 and 6

in which the half-cell with EC:DEC electrolyte has the lowest Coulombic efficiency and

has a significant loss of capacity during cycling. An SEI that is continually forming and

dissolving would impede the operation of the half-cell.
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Figure 13 EIS measurements for half-cell with EC:DEC electrolyte. The insert
shows the origin with greater detail.

In summary, side reactions are occurring at the electrode/electrolyte interface.
The Coulombic efficiencies reported indicate the extent of the side reactions. In the PC
and EC:PC systems, the side reactions appear to stabilize after the initial cycle, while in
the EC:DMC, EC:DEC, and EC:EMC systems, the side reactions do not stabilize. The
voltage profiles are consistent with the results from the Coulombic efficiencies, showing
side reactions for every system during the first cycle, but no evidence of side reactions in
the second and thirtieth cycles for the PC and EC:PC systems. CV also shows a
noticeable difference between the initial cycle and subsequent cycles. The EIS tests
provide further evidence for the presence of the side reactions by the change in diameter

of the semicircles (magnitude of the SEI impedance) after the first discharge of the half-
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cells. These side reactions are most likely cause for the formation of SEIs on the
electrode surface.
3.4 Physical Characterization

In the previous section, we demonstrated that side reactions are occurring at the
electrode surface. We concluded that SEls are forming on electrodes as a result of the
side reactions that have been observed. It is possible that the side reactions in each
system are producing some other reaction products, however, this is unlikely. Because
the only variable in the experiment is the electrolyte solvent, the likely cause of the side
reactions could be a reaction of the salt at the electrode surface. Our physical
characterization methods focused on identifying the reactant products at the surface to
determine the behavior of the salt.

We have discussed the possibility that some of the water in the electrolyte is
decomposing into H, gas and OH" ions. Another possible reaction of the water at the
TiO, NT surface is hydration. Li et al. have demonstrated that the TiO, hydration leads
to a surface structure of Ti(OH)" on which other H,O and OH™ molecules can then attach
themselves by hydrogen bonding™. Salt stability will have a significant impact on the
side reactions and any SEI formation. ClO4 is normally a stable ion despite being a
powerful oxidant, however research indicates that when in the presence of titanous ions
and ethanolic solutions it is rapidly reduced to CI" . A similar reduction reaction could
be occurring on the TiO; in carbonate liquids given the water content of the electrolytes if
the water in the electrolyte is hydrating the TiO, NT surface and thereby creating similar

conditions for the reaction.
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Figure 14 FT-IR spectra for the electrodes after one complete discharge/charge
cycle for each of the electrolytes tested.
Table 4

Figure 14 displays the data gathered in FT-IR measurements and Table 4

Bonding information of the FT-IR peaks seen in the measured spectra

Peaks (cm™) Bond
2800-3000 C-H”"*
1700-1800 | C=0"*"’
1400-1500 C-H"*"®
1400-1500 c-c”
1000-1270 | c-0”*7>"®
840-850 C-H>"®
840 c-cI®8t

provides the peak identities. The peaks between 1000 and 2000 cm™ and 2800-3000 cm™

correspond to organic molecules, C-O and C-H bonds. The appearance of such peaks
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could possibly be from residual electrolyte on the surface of the electrode. C-C bonds are
seen between 1400 and 1500 cm™. C=0 bonds are be seen at 1700 to 1800 cm™. Each of
these bonds is present in the electrolyte, however the electrodes were rinsed and then
vacuum dried to drive off the electrolyte. The C-H, C-O, C=0, and C-C bonds seen
confirm the electrochemical evidence of an SEI that has been already discussed in the
previous section. There are also peaks for each of the electrolytes, except for EC:PC, at
~840 cm™, which are clearly seen in Figure 15. Figure 15 shows the low wavenumber

data in greater detail where the C-Cl bond can be seen clearly.
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Figure 15 FT-IR data at low wavenumbers. The dotted linemarks the C-CI
bond.

The 840 cm™ peak corresponds to a C-Cl bond. The CIO, ion is the only source
of Cl in the assembled half-cells. The presence of C-O bonds alone would not indicate

that the CIO,4 ions were decomposing as O is present in the carbonate solvents as well.
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The C-ClI bond, however, acts as clear evidence that the ClIO4 ions may decompose. The
C-Cl bond is also further evidence that an SEI is forming. The decomposition is expected
to take place at the surface of the TiO, NT electrode. Earley and Tofan have shown that
titanous ions act as a catalyst for decomposition of ClIO,” ions’®. The reaction that Earley
and Tofan reported is:

8Ti(OH)* + ClO; - 8Ti0?** + Cl™ + 4H,0 3)
If the water in the electrolyte is hydrating the surface of the TiO, NTs, then the surface
conditions will be similar to the ethanolic solution reported by Earley and Tofan and
would allow the reaction to proceed as indicated in equation 3. Because the water present
in the electrolyte is only present at ppm levels, it is possible that the whole surface of the
electrode is not hydrated prior to cycling. The water produced through the possible side
reaction indicated by equation 3 during cycling may then further hydrate the electrode
surface and cause more perchlorate decomposition. Equation 3 as written indicates that
water present with the CI" ions at the TiO, surface will result in CIO,4 ions. The
decomposition reaction will compete with the formation of ClIO, ions and will be
controlled by the diffusion of water and the SEI formation. The forming SEI could
prevent surface hydration and stop perchlorate decomposition, which would account for
the observed capacity of the TiO, NT electrodes in the PC and EC:PC systems. The
forming SEI also may not prevent surface hydration, which would explain the behavior

seen in the EC:DMC, EC:DEC, and EC:EMC systems.



31

600

—— EC.:EMC
—— EC:DMC
500 — Bare Electrode
@ 400 -
[
-}
Q
S}
> 300
R7)
[
§O)
S 200
100
0 T I L) I T l T
0 1000 2000 3000 4000

Wavenumber (1/cm)

Figure 16 Raman spectra for TiO2 electrodes in charged state. Two electrolytes
were tested, EC:EMC and EC:DMC.

Figure 16 shows the Raman spectra collected from TiO, NT electrodes cycled in
EC:DMC and EC:EMC electrolytes as well as the Raman spectra of virgin TiO,
nanotubes. The peaks at 440, 490, and 560 cm™ are seen in all of the samples, including
the bare electrode, uncycled TiO, NTs. The peak at 2330 cm™ is also seen in all samples,
including the bare TiO,. The peaks 440, 490, and 560 cm™ are characteristic of the TiO,

281 The peaks from 560-1150 cm™ have a component from the TiO,

substrate®
substrate®™ but are more pronounced because there are some overlapping C-H
vibrations®. The SEI is seen in the peaks 1225 and 1370 cm™, which indicate C-H
bonding®. The 1370 cm™ peak is broad and may be an amalgamation of a C-H peak with

a C-C peak®. Farther out, the peaks from 3200-3600 cm™ indicate the presence of O-H
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bonding®™. As the ClO4 ions decompose, the free O may be reacting with the organics at
the electrode-electrolyte interface and replacing H in some of the C bonds. This would

leave free H that would readily react with free O.
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Figure 17 XPS data from half-cell with PC electrolyte, focused on the CI spectra

collected. The black line and circles shows the data collected by the XPS. The fitted

peaks 1-4 are the identified peaks in the spectra and the cumulative peak fit in green
shows that the fit matches the data.

The XPS results in Figure 17 confirm that the CIO, ion is decomposing. The
higher energy peaks at 208 and 210 eV on the left are the ClO4 ion® while the lower
energy peaks correspond to a C-Cl bond®*®*. The perchlorate ion is the sole source of Cl
in the system. If the CIO, ion was stable and showed no signs of decomposition, we
would expect to see only one set of peaks to correspond with the binding energy of the

perchlorate ion. However, the presence of a second set of peaks in the XPS spectra both
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shows that the ClIO, ion is unstable and indicates that there is a second compound with
Cl present after cycling. The FT-IR spectra agree with this analysis, indicating the
presence of a C-Cl bond. Because Cl is forming bonds with C after the perchlorate ions
have decomposed, the side reactions observed in the electrochemical testing are probably
forming a SEI. The performance of the TiO, NT electrodes is dependent on the stability

and the mobility of Na ions in the SEI.
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CHAPTER FOUR: CONCLUSIONS

In summary, we have found that all five of the electrolytes tested PC, EC:PC,
EC.DMC, EC:DEC, and EC:EMC show indications of formation of an SEI layer when
the TiO, NT electrodes were cycled. The SEI that forms on the TiO, NT electrodes in
connection with EC:DMC, EC:DEC, and EC:EMC are clearly parasitic and detrimental
to the operation of the half-cell. The SEI formed on the TiO, NT electrodes with PC and
EC:PC are more stable and show more promise for actual use in a Na-ion battery. The
superior performance is a combination of the high dielectric constants of the solvents and
the low water content of the electrolytes, which leads to a more stable SEI. EC:PC is the
most stable solvent mixture for an electrolyte used with a TiO, NT electrode. The
superior capacity retention of EC:PC is due in part to the minimal moisture present, as
well as the highest solution dielectric constant.

Also, although NaClO, is a stable salt for use in batteries it is unsuitable for
application with TiO, electrodes. In our study, the CIO4" ion decomposed readily and
contributed to the buildup of a parasitic SEI. At the present time, it is unclear if the CIO4
ion decomposition is caused by the moisture present in the solvents or only exacerbated
by it, however, in either case, the use of a ClO,4 ion in this system is not recommended.

Future work on this project should include researching a salt more suitable for the
TiO, NT electrodes. The new electrolyte salt should be stable, having no components
that will readily decompose. The salt should also not contain any components that will

promote side reactions at the interface. NaPFg would be an excellent starting material for
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the new salt research, because it is inexpensive, readily available, and there have already
been several studies that show it has potential. The solvents should also be investigated
in an anhydrous state. Studying the solvent performance after dehydration should lead to
improvements in the performance of all of the solvents. Dehydration could be achieved
by mixing the solvent and then adding pure Na metal to react with and remove any water
present. Dehydrating the solvents and testing them with NaClO,4 will indicate whether or
not the moisture in the solvents was the cause of the ClIO, ion decomposition. Finally,
solvent additives should be investigated. In other systems, like electrodes of carbon or
metal oxides, electrolyte additives such as fluoroethylene carbonate have increased the

stability of the SEI formed and improved capacity retention on cycling.
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