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ABSTRACT OF THE DISSERTATION

Exploring Niobium Oxide Nanostructures for Lithium-Ion Energy Storage
By
Ilektra Andoni
Doctor of Philosophy in Chemistry
University of California, Irvine, 2022

Professor Reginald Penner, Chair

Niobium pentoxide, NbyOs, is a lithium-ion battery anode material that exhibits pseudoca-
pacitance, particularly in the orthorhombic phase, from fast lithium intercalation kinetics.
While the electrochemical characteristics of this material have been well studied, there is
a gap in the knowledge of long-term cycle stability and degradation analysis of this mate-
rial. Upon 10,000 lithiation/delithiation cycles, the main degradation pathways observed for
electrophoretically deposited thin films of orthorhombic NbyOg were amorphization of the
orthorhombic structure and delamination of the thin films from the current collector. Ad-
ditionally, these films boasted exceptional capacities that exceeded the theoretical Faradaic
capacity. This phenomenon can be attributed to high non-Faradaic surface capacitance aris-
ing from the observed 70% porosity of the films. Since pristine NbyOy is very insulating,
these pores can only be accessed and contribute significantly to the capacitance if the con-
ductivity of the films changes as a function of lithiation. In situ conductivity measurements
of T-NbyOj5 nanoribbons illustrate a large ~2000-fold increase in conductivity upon lithia-
tion. Study of degradation and conductivity of electrophoretically deposited T- NbyOs is
crucial in understanding why this material can perform beyond theoretical limits and how

the electrochemical performance can be further improved.

x1



Chapter 1

Introduction

1.1 Lithium-Ion Batteries and Electrochemical Capac-

itors

Lithium ion batteries (LIBs) have become increasingly popular as energy storage devices
since the first rechargeable LIB in 1976 by Whittingham.»? Research over the years has
explored alterations of all main aspects of the battery - cathode, anode, and electrolyte - in
attempts to improve energy storage, charge/discharge time, and longevity of the batteries

(Figure 1.1).24
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Figure 1.1: Components of a Rechargeable Lithium-Ion Battery. Reprinted by permission
from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature Electronics,
ref 3, Copyright 2018.

A Ragone plot represents a couple of the most important metrics in energy storage mate-
rials: the specific energy (Wh/kg), which is related to the specific capacity, is a measure
of how much charge the battery can store, and specific power (W/kg), which is related
to the charge/discharge rate, is a measure of how quickly the battery can charge and dis-
charge (Figure 1.2).%" LIBs have excelled in specific energy but are lacking in specific power
metrics due to diffusion-limited Faradaic electrochemistry that cannot occur at fast rates
(Figure 1.2, green). On the other hand, traditional capacitors have high specific power due
to fast non-Faradaic capacitive charge storage but poor specific energy since stored charge

is limited by the surface area (Figure 1.2, gray). Thus, research in materials that are able

2



store energy in both ways is necessary to realize high capacity, high rate electrochemical
energy storage.®" These materials, called electrochemical capacitors (ECs), mainly consist
of two categories: electrochemical double layer capacitors (EDLCs), also known as superca-
pacitors, and pseudocapacitors.*> EDLCs store charge in a capacitor-like fashion with the
electrostatic adsorption of electrolyte ions onto a high surface area, electrochemically stable,
active material. Since there is no redox chemistry occurring in these materials, the specific
energy is generally very low and these materials excel more in terms of specific power and
longevity.®® On the other hand, pseudocapacitive materials utilize redox electrochemistry
and lie closer to LIBs.*® The unique energy storage characteristics of pseudocapacitors set

them apart from EDLCs and will be further explored in this thesis.
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Figure 1.2: Ragone plot for electrochemical energy storage devices. The plot shows the
trends towards greater specific power for batteries and specific energy for electrochemical
capacitors (arrows), blurring the boundaries between the two as the trends approach the
star. Dashed lines represent zones where the cyclability of the device is altered in the case
of symmetric cycling (same charging and discharging rate at 100% depth of discharge). For
Li-ion batteries, Li plating at the negative electrode is mainly responsible for the decrease
in cycle life and the limitation of charging rate. All the data for generating this figure come
from commercial devices (data sheets or real tests). The data for solid state batteries come
from industry road maps The diagonal dotted lines and timescales represent characteristic
operation timescales, obtained by dividing the energy by the power. LTO, lithium titanium
oxide (Li4yTi5O12). Adapted by permission from Springer Nature Customer Service Centre
GmbH: Springer Nature, Nature Materials, ref 5, Copyright 2020.



1.2 Pseudocapacitive Materials

Pseudocapacitive materials take advantage of both electrostatic charge storage and redox re-
actions, resulting in a hybrid between capacitors and batteries.* 7 Electrochemical, reversible
redox reactions in pseudocapacitive materials occur either at the surface of the electrode or
with fast kinetics such that the reactions are not limited by solid-state diffusion.®” This
allows these materials to store energy in the same way as LIBs but charge/discharge on the

time scale of EDLCs, thus achieving high specific energy and specific power.

Two main types of pseudocapacitive phenomenon have been studied extensively: redox
pseudocapacitance and intercalation pseudocapacitance.® " Redox pseudocapacitance is well
modeled by RuOy and MnOy and is characterized by fast redox reactions confined to the
active material surface. In addition to surface redox, there is also insertion of lithium into
the bulk of the material in intercalation pseudocapacitance. In pseudocapacitive materials,
intercalation is allowed by layered crystal structures or low energy lithium pathways in the
crystal structure, but intercalation does not induce a phase change in the material as seen
with traditional LIBs electrodes.®" Although these two types of pseudocapacitive materi-
als differ slightly in their mechanism, they can be identified across three electrochemical
methods: cyclic voltammetry, galvanostatic charge/discharge curves, and impedance spec-
troscopy (Figure 1.3). Cyclic voltammetry (CV) of pseudocapacitive materials will result
in a rectangular shape due to capacitor-like charge storage and if redox peaks are present,
they will have little to no separation between peak potentials due to fast, reversible redox
electrochemistry. Galvanostatic charge/discharge curves will appear to be more similar to
a capacitor profile, which is linear and sloped, instead of the “S” shape signature to bat-
teries caused by phase transformations and diffusion-limited processes. Finally, impedance
spectroscopy Nyquist plots of capacitors are vertical lines and pseudocapacitors are similarly
straight lines with a phase angle of less than 90° with possible semi-circles at high frequency

due to charge-transfer resistance.’”
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Figure 1.3: Electrochemical characteristics of pseudocapacitive materials.The general elec-
trochemical features of pseudocapacitive materials. (a) In a cyclic voltammetry experiment,
the shape is rectangular and if peaks are present, they are broad and exhibit a small peak-
to-peak voltage separation. (b) In a galvanostatic experiment, the shape is sloping so that
a capacitance value, AQ/AV, may be assigned at each point, and the voltage hysteresis is
small. Here, Q is the capacity and V is the potential window. (c¢) In an AC impedance ex-
periment, the Nyquist representation will contain a vertical line with a phase angle of 90° or
less. A semi-circle at high frequencies, associated with charge-transfer resistance, may also
be present. Used with permission of the Royal Society of Chemistry from ref 6 Copyright
2014; permission conveyed through Copyright Clearance Center, Inc.

Currents observed in pseudocapacitive materials are sums of currents from capacitive mech-
anisms and diffusion-limited mechanisms. It is well-known that the dependence of peak
current on scan rate can indicate if the current is capacitive or limited by diffusion. Ca-
pacitive current is linearly dependent on scan rate while diffusion-limited current is linearly
dependent on the square root of the scan rate. Considering that both contribute to the
current in pseudocapacitive materials, the total current in pseudocapacitive materials is the

sum of capacitive current and diffusion-limited current as modeled by Equation 1.1:%79

i(V) = kyv? + kv (1.1)

where (V') is the current at each potential, v is the scan rate, and k; and ks are calculated
constants that respectively represent the weight of the diffusion-limited current and capaci-
tive current at each potential. k; and ks are calculated by dividing both sizes of the equation

by v? and fitting the plots of i(V')/ v2 versus v? to a line. This process is repeated for every

6



potential to extract k; and ko values at each potential. By doing this, the contributions to
current from the two components can be deconvoluted. In intercalation pseudocapacitance,
ions intercalate into the structure of a redox-active material. In these materials, diffusion-
limited current is due to Faradaic processes at metal centers upon insertion, but if lithium
kinetics are fast, lithium insertion will actually contribute to the capacitive current and add

to the current due to surface charging. 57

When discussing charge storage in energy storage electrodes, it is important to understand
the difference between capacity and capacitance and which one should be used. Both quantify
the amount of charge stored, but generally, capacity is used for battery electrodes and
capacitance is used for capacitors. Specific capacity, represented in units of mAh/g, can
be calculated theoretically using x, the number of electrons transferred in the reaction, F,
Faraday’s constant, n, the number of moles of active material, and M, the molar mass of

the active material as shown in Equation 1.2:2

zF

Cyp = —
P M

(1.2)

Experimentally, the specific capacity is calculated by determining the charge stored, current
(mA) x time (h), and dividing by the mass of the active material. Generally, the value of spe-
cific capacity corresponds to galvanostatic measurements. Specific capacitance, represented
in units of F/g, typically relates to CV measurements and can be calculated theoretically
by dividing the specific capacity by the voltage window used in the CV. Experimentally, the
charge stored, () is calculated by averaging the area under the cathodic and anodic sweeps
of the CV and then dividing by the scan rate. The charge is then divided by the voltage
window and the mass of active material to obtain the specific capacitance. Because pseudo-
capacitors display capacitor- and battery-like behavior, both capacity and capacitance can
be assessed. However, since capacitance is dependent on the voltage window, it is difficult

to make direct comparisons between results. Thus, capacity is preferred since the value is



consistent for a certain material.'©

1.3 Niobium Pentoxide

Niobium pentoxide (NbyOj) is a material that displays intercalation pseudocapacitance with
a theoretical capacity of 202 mAh/g.!11? Research in NbyOj5 has been pioneered by the group
of Bruce Dunn with detailed studies on the kinetics and electrochemical properties that
defined NbyO3 as a pseudocapacitive material and identified changes in the energy storage
with crystal structure.®!! Intercalation of lithium into NbyOs is associated with reduction
of the niobium metal centers from Nb®* to Nb**, and the material is capable of storing up

to two lithium ions as shown in Equation 1.3:

.Z'L’l+ +zxze + szOg) — LZszQOg, (13)

The crystal structure of NbyO5 can be varied with annealing in air in the range of 400 °C to
1000 °C.13 In the orthorhombic (7-NbyO5) and pseudo-hexagonal structures (77T-NbyOs),
interstitial sites in the (001) plane can be occupied by lithium ions to store charge.®!! The
large oxygen-oxygen spacing in the plane offers a low-energy diffusion barrier of lithium
ion hopping. However, the orthorhombic structure can store more charge than the pseudo-
hexagonal structure due to additional fast lithium ion kinetics in the (180) plane (Figure
1.4).% The fast lithium kinetics observed in these channels gives rise to a huge capacitive
contribution, approximately 80% to the total capacity. This means that even at very fast
rates, i.e. short charge/discharge time scales, 80% of the capacity can be retained due
to pseudocapacitive current from diffusion independent surface charging and fast lithium

insertion into the lattice.®
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Figure 1.4: Literature NbyO5 Cyclic Voltammetry and Orthorhombic NbyO5 Crystal Struc-
ture.a) Voltammetric sweeps for NbyOs in lithium ion electrolyte. CVs at 10 mV/s for
different NbyOs phases. Reproduced with permission from ref 8 Copyright 2012 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim b) The structure of T-NbyO5 stacked along the
c axis demonstrates the layered arrangement of oxygen (red) and niobium (inside polyhedra)
atoms along the a—b plane. Reprinted by permission from Springer Nature Customer Service
Centre GmbH: Springer Nature, Nature Materials, ref 11, Copyright 2013.

1.4 Electrophoretic Deposition of Nb,O; Thin Films

The most common ways to synthesis NboOj is via hydrothermal reaction of ammonium nio-
bate oxalate hydrate or sol-gel synthesis from niobium chloride salt which are then cast onto a
current collector with the addition of binders and conductive supports.®1514716 Alternatively,
niobium metal can be anodized and annealed to achieve the desired crystal structure.” Al-
though reports on these methods reveal great electrochemical results, an intimate electrical
contact between the active material and the current collector can not be achieved in the

mentioned methods as it can be with electrodeposition of NbyOs.

Electrodeposition of the electrode materials provides a better electrical contact between the
active material and the current collector and more control over the dimensions of the active
material. Pourbaix diagrams can be used to hypothesize how to electrodeposit a material

from a solution of its salts by altering the pH, applied voltage, or a combination of both.



However, the Pourbaix diagram of niobium does not pose a direct way of electrodepositing

T-Nby,O5 which challenges the use of this fabrication method.!®

T-NbyOs5 films can instead be electrodeposited indirectly via electrophoretic deposition
(EPD) as described by Zhitomirsky.!* 2! Colloidal NbO,, solutions can be made from cold
injection of methanolic NbClj solutions into dilute ~2 °C hydrogen peroxide. The resulting
colloids are niobium oxide peroxocations with an overall positive charge. When the current
collector is placed into solution and biased at least -2 V versus the counter electrode, the
positively charged colloids migrate to the negatively biased current collector. At such a
negative voltage, Hy is evolved at the working electrode from the reduction of water. This
reaction causes a build-up of OH™ ions at the surface of the electrode which hydrolyze the
peroxocations and Nby,Os is deposited onto the working electrode surface. 2! Additionally,
Hy co-evolution at the electrode surface is hypothesized to cause porosity in the film if Hy
nanobubbles are trapped within the film during deposition.!? Following deposition, the films
are calcined in air at 550 °C to achieve the orthorhombic crystal structure which is confirmed

by x-ray diffraction (XRD).

EPD T-NbyOj5 thin films were characterized electrochemically via cyclic voltammetry and
galvanostatic cycling (Figure 1.5a,c). Although scan rate series of films from 5 to 500 mV /s
show rapid capacitance fade as the scan rate increases, the measured capacitance for thinner
films at high scan rates still show high capacitance versus the theoretical capacitance of 403
F/g (Fig 1.5b). At 200 mV /s, the average cycle stability is a 20% fade in capacitance in the
first 2000 cycles. The films exceed the theoretical capacity by ~50 mAh/g in the 38 and 60
nm films at high charge/discharge rates of 50 A/g with up to almost 400 mAh/g of excess
capacity at slower rates (Figure 1.5d). At 10 A/g, the films are able to cycle for 400 cycles
on average before a 20% capacity fade is realized. Overall, these metrics place the films at a
much higher specific power and energy as compared to other work indicating the advantages

of EPD in making T-Nby,Oj thin films. 2
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Figure 1.5: Electrochemical characterization of NbyOg thin films. a) cyclic voltammetry of
four film thicknesses at 5 mV /s with b) scan rate dependence of the specific capacitance (the-
oretical value 403 F/g). c¢) galvannostatic charge/discharge curves for four film thicknesses
at 5 A/g with d) measurements for specific capacity at five galvannostatic rates ranging from
5 to 50 A/g (theoretical value 202 mAh/g). Adapted with permission from ref 12. Copyright
2018 American Chemical Society

As discussed previously, T-NbyOs5 stores energy through pseudocapacitive lithiation. Using
the scan rate series, the capacitance of the films is deconvoluted into the capacitive (non-
insertion) and diffusion-limited (insertion) components.®? Deconvolution shows that at most
scan rates, the current is mostly due to non-insertion capacitance which is independent of
the scan rate and exceeds the theoretical capacitance for the voltage window (Fig 1.6).12
This implies that most of the film’s capacitance is due to surface effects, and there must be

accessible high surface area within the film.
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Figure 1.6: Deconvolution of insertion and non-insertion currents in a cyclic voltammogram
(a) CV at 5 mV/s for a 500 mC T-NbyOj film. (b) CV for the same film at 100 mV/s. (c)
Plot of total Cs,, together with the insertion and non-insertion capacities as a function of
scan rate, v. The dashed blue line marks the theoretical Faradaic capacity, 403 F/g for a 1.8
V window. Reproduced with permission from ref 12. Copyright 2018 American Chemical
Society

Porosity in the films is proposed to be the cause of this high surface area. Calculations
considering the lithographically controlled deposition area, atomic force microscopy (AFM)
measurements of the thickness, quartz crystal microbalance (QCM) measurements of the
deposited mass, and theoretical density allow for an estimation of the porosity in the film.
The calculations predict that the film is approximately 70% porous, and cross-sectional
transmission electron microscopy (TEM) imaging shows small pores in the film. These are
hypothesized to be caused by trapped hydrogen bubbles co-evolved during deposition which

leave behind pores when the film is annealed.'?

1.5 Scope of Research

In this thesis, questions raised during the study of EPD of T-NbyOj5 are further explored.
The method of EPD to fabricate energy storage T-NbyOj5 electrodes is new to the field and

presents some promising, yet anomalous performance particularly in the high capacitance
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that exceeds the theoretical value.

1.5.1 Degradation of Niobium Oxide Thin Film Electrodes

One of the most common issues with energy storage devices is the longevity, or cycle stability,
of the active material. Extensive research has been put into understanding and mitigating
the degradation pathways that cause capacity fade in lithium-ion energy storage materials.
These findings are summarized in Chapter 2 which highlights degradation pathways for
intercalation cathodes and anodes and further details the short comings of anode materials
similar to T-NbyO5. With this background knowledge, the degradation of 7T-NbyO5 can be

better understood.

As mentioned, the capacitance of EPD T-NbyOs thin films decreases by 20% in the first 1000-
3000 cycles. It is important to understand what degradation pathways cause this capacitance
fade to explore improvements to the EPD method. To do this, the T-NbyO5 thin films are
cycled to 10,000 cycles and characterized ex-situ at regular cycle intervals to track changes

in structural, chemical, and electrical integrity. These results are reported in Chapter 3.

1.5.2 Investigation of T-Nb,O; Conductivity as a Function of

Lithiation

The most anomalous feature of the T-Nby,O5 EPD thin films is the capacitance that exceeds
the theoretical Faradaic value. While the porosity proposes a physical path for increase in
capacitance, NbyOs is relatively insulating with a low conductivity of ~3.3 x 107¢ S/cm at
330 K and a large band gap of 3.4 eV.® Therefore, even if there is high surface area embedded
into the film, these areas are only accessible if the conductivity of the film allows it. Thus, it

is proposed that the conductivity of the film increases drastically as a function of lithiation
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which allows for access to these high surface area regions and a non-insertion capacitance
that exceeds the theoretical Faradaic value. In Chapter 4, a nanoribbon device is used to
study the changes in conductivity through 7-NbyOj5 as the material is lithiated at several

potentials.
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Chapter 2

Electrode Degradation in Lithium-Ion

Batteries

2.1 Introduction

The need for energy-storage devices that facilitate the transition from fossil-fuel-based power
to electric power has motivated significant research into the development of electrode mate-
rials for rechargeable metal-ion batteries based on LiT , Na® , K+ | Mg?*, Zn%*, and AI**.
The lithium-ion rechargeable battery (LIB) has been by far the most successful, enabling the
wireless revolution of portable electronics (e.g., cell phones, laptops, digital cameras, power
tools, etc.) and emerging as the battery-of-choice for electric vehicles (EVs) and intermittent
energy storage (i.e., from wind and solar) due to their high energy density and decreasing
costs.?%23 However, traditional LIBs are also often a limiting factor; in portable electronics,
LIBs typically occupy large portions of the mass and volume, and EVs powered by LIBs
typically offer small driving ranges or are expensive due to the costs of the large LIB packs

and maintenance systems.?? 20 Increases in battery energy density, particularly per unit vol-
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ume, would relieve these limitations and greatly expand the possibilities of LIB-powered
devices.?+?® A battery’s deliverable energy is a function of its voltage and capacity and can
be maximized by (1) having a large potential difference between the anode and cathode, (2)
minimizing the mass and volume of active material per exchanged electron, and (3) avoiding

oxidation or reduction (and thus consumption) of the liquid electrolyte.?®

The most commercially successful electrodes are based on “intercalation materials” that re-
versibly insert ions through ionconductive one-dimensional (1D) paths or two-dimensional
(2D) planes in layered, crystalline materials. This chemistry has proven useful due to the
low-volume expansion and contraction when accepting (“lithiating”) or releasing (“delithiat-
ing”) Li* that provides suitable mechanical and electrochemical stability for long-term use.
A typical LIB consists of a transition-metal oxide cathode (e.g., LiCoO;) and a graphite
anode. These “Li-storing” materials are mixed with a conductive additive (typically car-
bon black) and a polymer binder (commonly poly(vinylidene difluoride), PVDF) and cast
onto both sides of either aluminum foil (cathode) or copper foil (anode) with an insulating
polymer membrane sandwiched between electrode layers to prevent shortcircuiting.?” The
restriction in energy density in this design arises from the low Lit:host stoichiometries of
intercalation materials (e.g., high mass/volume of material per Li* stored) that require nu-
merous stacks of electrodes (and thus numerous metal foils and separators) to meet a given
energy requirement. Figure 2.1 shows the breakdown of the weight occupied by LIB cell com-
ponents (Figure 2.1a) and the specific energy targets for LIBs in automotive applications
(Figure 2.1b).2%2>28°30 Although the cathode and anode active materials already comprise
the largest and heaviest components of LIBs, further increasing battery energy density re-
quires reducing the proportional weight and volume of separator membranes and metal-foil
current collectors. This pursuit has motivated significant research into the development of
high-capacity electrode materials and architectures that store more Li™ per unit mass and

volume. 22726
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Figure 2.1: Summary of Lithium-Ion Battery Cell Components and Specific Energy Targets.
(a) Chart showing the weight fraction occupied by the components of a commercial lithium-
ion battery cell. Adapted from with permission from ref (30). Copyright 2014 Royal Society
of Chemistry. (b) Specific energy targets for automotive applications from material to pack
level. Reproduced from ref (28). Copyright 2017 American Chemical Society.

The degradation mechanisms for intercalation electrodes, the characterization methods that
help deconvolute reaction complexity, and the inspired attempts by researchers to prevent or
to circumvent electrode degradation in high performance battery electrodes will be discussed

in this chapter.

2.2 Cathode Materials

Cathodes are the Achilles’ heels of LIBs. With a reversible capacity of 372 mAhg=?, the
graphite anode has a capacity much higher than that of the cathode materials that are
usually paired with it in commercial batteries. In small lithium-ion cells, for example, LiCoO,
(LCO) cathodes with a usable capacity of 160 mAhg™' and ~60% lithium utilization are
widely used.?! This capacity asymmetry is one factor that has motivated a search for higher-
capacity cathode materials that source and sink metal-ions rapidly and reversibly at the

requisite positive potentials. A second factor is the high cost of cobalt, and thus many other
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cathode formulations have been described in excellent reviews.3!36

2.2.1 Intercalation Cathodes

Intercalation materials have skeleton structures that are weakly perturbed upon the incorpo-
ration of metal-ions. Intercalation materials typically have small M"*:host stoichiometries
(usually in the range from 1:1 to 2:1) and undergo small volume changes during metal-ion
incorporation. The prototypical intercalation materials, transition-metal oxides (TMOs),

operate according to the following charge/discharge reaction:

TMO, + xLit + xe” = Li,TMO, (2.1)

where TM is a transition metal (Mn, Ni, Co, etc.) and x is in the range 0 < x < 1 in the
case of a monovalent cation (e.g., Li*). For intercalation materials, the structural changes
brought about by metal-ion incorporation are often reversible, leading to high Coulombic
efficiencies and good cycle stability of the mass-normalized specific capacity. Layered TMOs
having the general formula LiMOs, where M = Ni, Co, and Mn, have been extensively
studied. Nonstoichiometric versions containing all three metals - so-called NCM cathodes -

have received particular interest.

2.3 Anode Materials

Today’s rechargeable LIBs were developed after early batteries with metallic lithium anodes
were plagued by the growth of lithium dendrites, leading to overpressurization and fires.?”
Upon realization that lithium could intercalate into graphite and remain ionized (as Li*) with
the graphite lattice accepting an electron for charge balance (LiCg), the term “lithium-ion

battery” was coined and marketed by Sony in 1991.383% Graphite remains the most widely
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used anode material in commercial LIBs, possessing a theoretical specific capacity of 372
mAhg~!. Although graphite’s capacity is not the most limiting factor in commercial systems,
significant research has nonetheless been devoted to the development of nanostructured,

high-capacity anode materials to improve the capacity and safety of graphite anodes. 2?2426

2.3.1 Intercalation Anodes

Although graphite is currently the anode of choice for most applications, LIBs operating
in Li salt/organic liquid electrolytes suffer from the consumption of the Lit (e.g., from the
cathode and electrolyte) in the formation of the SEI similar to those for metallic lithium
anodes, discussed above. Most of the SEI formation occurs on the first cycle and typi-
cally results in an irreversible capacity loss (ICL) of about 10% for graphite anodes. With
repeated cycling, the SEI grows in thickness as more Li* is incorporated into the layers;
this film is electronically insulating and hinders Li* intercalation kinetics, thereby limiting
the achievable energy and power density of LIBs employing graphite anodes. Furthermore,
the SEI layers become unstable during cycling due to the expansion and contraction of the
graphite lattice during lithiation and delithiation. The loss of Li* from the electrolyte due to
continual rearrangement of the SEI layer and constant electrolyte reduction on the graphite

surface is one of the main battery degradation mechanisms in commercial LIBs. 4042

Although the SEI composition is highly dynamic, HF and LiF are prevalent as decomposi-
tion productions from fluorinated Li salts (e.g., LiPFg, LiAsFg, LiBF,) reacting with trace
amounts of water in the electrolyte. Decomposition of alkyl carbonate solvents also leads to
incorporation of Li;COg, Li alkyl carbonates, Li;O, and polymeric species derived from the
trans-esterification reactions.?*#? The SEI composition is directly influenced by the elec-
trolyte formulation and, thus, a large set of electrolytes employing various Li™ salts and

solvent combinations have been studied in LIBs.4!™# This complexity is illustrated in Figure
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2.2 for propylene carbonate (PC; Figure 2.2b) and ethylene carbonate (EC; Figure 2.2¢c)
electrolytes at different voltages vs Li/LiT. Propylene carbonate intercalation leads to exfo-
liation and destruction of the graphite lattice, and thus despite its high permittivity, does

not find utility in most graphite-based LIBs.

Examples of elements
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Figure 2.2: Schematic of the anode solid electrolyte interphase (SEI) formation process show-
ing (a) graphene layers surrounded by electrolyte salts and solvents above 1.4 V vs Li/Lit,
(b) propylene carbonate (PC) intercalation with lithium-ions into graphene layers resulting
exfoliations below 0.9 V vs Li/Li* and (c) stable SEI formation in ethylene carbonate (EC)-
based electrolyte below 0.9 V vs Li/Lit; plane side with thinner SEI and edge side with
thicker SEI. Reproduced with permission from ref (41).*! Copyright 2016 Elsevier.
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A combination of the alkyl carbonate solvents (e.g., EC, DEC, DMC, EMC, etc.) with a
LiPFg salt is currently the standard electrolyte in industry, as it offers wide electrochemical
stability between ~1.5 - 4.5 V vs Li/Li" and high ambient-temperature ionic conductivity
(~107% S/cm). However, the inherent flammability and toxicity due to production of HF
has spurred interest into finding Li™ salts with high stability and conductivity. For example,
lithium bis(trifluoromethansulfonyl)imide (LiTFSI) has received interest due to its extremely
high thermal stability (no degradation until ~360°C) and high ambient-temperature ionic
conductivity (9.0 mS/cm in EC/DMC). Concentrated solutions of LiTFSI in 1,3-dioxolane
(DOL) or dimethoxyethane (DME) improve reversibility of Li insertion/deinsertion into the
graphite lattice. However, the utility of LiTFSI is hindered by its corrosive reaction with
Al foil, which is typically used as the cathode current collector in LIBs. Thus, no proposed
Li salt has yet exceeded the combined metrics of LiPFg regarding safety and compatibility,

conductivity, thermal stability, and material costs.*!

To ensure that the ICL due to SEI formation on the graphite anode is minimized in a
LIB, assembled cells are typically cycled at slow C rates (0.05C-0.2C) for numerous cycles,
which adds processing time and costs to LIB fabrication. Improved SEI homogeneity can
be achieved by the addition of compounds that promote faster reduction of the solvent
mixture prior to LiT intercalation and thereby reduce the amount of Lit consumed by the
decomposition reaction on the graphite surface; a variety of additives have been studied
to provide this function, including vinylene carbonate (VC), vinyl ethylene carbonate, allyl
ethylene carbonate, and vinyl acetate. The most studied electrolyte additive to date is VC
and the addition of about 2-3 wt% to mixed-EC/PC solvents promotes faster reduction of
the solvent mixture.*® The alkene functionality in these additives undergoes radical anionic
polymerization that can be terminated by solvent molecules and forms an insoluble and stable
layer on the graphite surface prior to Li intercalation. These “reductive-type” additives are
most critical during the initial steps of SEI formation and they function (1) to reduce the

ICL of Li* in SEI formation; (2) to reduce the amount of gas generation during electrolyte
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decomposition on the graphite surface; and (3) to improve the long-term cycle stability of

graphite anodes.

Coating the surface of graphite is an effective way to change the surface composition and
the resulting SEI that forms.*? For example, graphene or pyrolytic carbon coatings have
been applied to increase the electrical conductivity of the graphite material, conductive
polypyrrole or PANT coatings to improve conductivity of the electrode laminate, metal-oxide
coatings (e.g., Al,O3, ZrO,) to reduce the graphite/electrolyte contact area,?® and inorganic
coatings such as Li;COs, NayCOs, and K,CO3 to promote inorganic-rich SEI.4" Although
these studies have made progress in reducing the initial ICL, few studies have focused on the
design of a durable and flexible SEI that minimizes lithium inventory loss during repeated

cycling. 42

Similar to Li-metal anodes that were plagued with safety issues in early rechargeable batter-
ies, graphite anodes are also susceptible to Li plating due to the proximity of its reversible
potential with that of LiT/Li (~0.1 V vs Li/Li™; Figure 2.2).%49 Li plating onto graphite
can be initiated by several factors, including (1) the composition and concentration of the
electrolyte (e.g., electrolytes with high contents of EC show higher probability of Li plating);
(2) the ratio between the anode and cathode capacities; and (3) when the temperature is

low and/or the charge/discharge rate is fast.42:49:50

Avoiding Li plating and dendrite formation on graphite anodes is typically achieved by
controlling the anode/cathode capacity ratio to be ~1.1.4%50 This approach reduces the po-
larization of the anode and mitigates Li electroplating.*? However, the extra anode material
must also undergo SEI passivation and thus increases the cost of the cell and reduces the
achievable energy density of the cell and is therefore insufficient for long-term stability and
Coulombic efficiency metrics, as Li* consumption increases with repeated cycling.*! The
extent of Li plating and dendrite growth is also highly dependent on the degree of disorder

in the graphite lattice. As the disorder of the graphite increases, the current distribution
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through the electrode becomes heterogeneous, which causes moss-like dendritic growth dur-
ing Li intercalation. Furthermore, if the particle size distribution is also large, the current

becomes more inhomogeneous and dendrite growth intensifies.

Highly ordered graphite remains the leading anode choice in today’s commercial LIBs. Un-
fortunately, LIBs operating in alkyl-carbonate-based electrolytes suffer from electrolyte and
Lit-salt decomposition onto the graphite surface, forming an SEI layer that passivates the
graphite. This SEI layer is inherently heterogeneous, leading to cracking and fragmentation
of the layer such that further Li™ and electrolyte repeatedly decompose on the freshly ex-
posed graphite surface; Lit consumption due to SEI formation and subsequent Li plating

are the major causes of ICL and capacity fade in LIBs.

The search for Li intercalation materials with improved safety metrics and electrochemical
stability is motivated by graphite’s heterogeneous SEI and Li insertion potential of ~0.1 V,
which is close to the lithium electroplating potential. Attractive alternatives, such as lithium
titanate (LTO), operate at a higher Li insertion potential than graphite, but well above the
reduction potential of common electrolytes so an SEI is not required for stable cycling.®!%?
However, the utility of LTO is limited by its low theoretical specific capacity (175 mAhg™!)
and high operating voltage of ~1.5 V (vs Li/Li") that reduce the energy density of LTO-
based LIBs compared to those achievable with graphite anodes. One method to raise the
energy density of LTO is to form a composite anode with a high capacity material (e.g.,
SnO,, MO) and to extend the voltage window to 0.01-3.0 V vs Li/Li*. Unfortunately, the
high-capacity co-anode usually suffers from large volume expansion/contraction with lithium
insertion/deinsertion that restricts cyclability and lowering the cutoff voltage below ~0.8 V
leads to electrolyte decomposition and formation of a SEI layer on the LTO surface that

restricts performance.?®

Within the oxide family, titanium dioxide (TiO2) has been one of the most extensively stud-

ied materials for energy-storage applications.?® Theoretically, TiO, can accept 1 mol of Li*
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(LiTiO3) to provide a theoretical specific capacity of 330 mAhg™'. However, significant
structural changes and associated large capacity fade have been observed when x > 0.5 in
Li, TiO,, and thus stable electrochemical cycling has only been observed for TiO, anodes
when the degree of lithiation is kept low (x < 0.5, reversible capacity ~165 mAhg—1!).%558
This effect is due to the Li* mobility being decreased when x > 0.5 and that further Li™
insertion could only be achieved in the surface layer of the electrode (~4 nm). Engineer-
ing mesoporous micron-sized secondary particles with nanostructured primary particles is
an attractive route to take advantage of the improved reaction kinetics of nanoscale TiOs,
while still achieving suitable tap densities.’® When cycled between 1.5 and 3.0 V vs Li/Li",
mesoporous TiO, materials can deliver specific capacities of 164 mAhg™! at C/2 with good
rate capability. However, the improved safety in titanium-based anodes has not been cou-

pled to improved performance over graphite anodes, and the development of higher energy

intercalation materials is needed to replace the traditionally used graphite anode.

2.3.2 Niobium Pentoxide

Niobium pentoxide has emerged as a promising high-power anode material, due to its fast

lithium intercalation kinetics.?® The Lit intercalation reaction is understood as

NbyOs + zLit + ze” = LiyNbyOs (2.2)

where x ranges from 1.6 to 2.0, resulting in a theoretical capacity of 202 mAhg='.%° Early
contributions from Goodenough, Dunn, and others demonstrated energy densities of up to
30 Whkg~! at high power densities of more than 1000 Wkg~!.16:61-63 Sybsequent studies
on the lithiation mechanism revealed that the majority of the capacity observed can be
attributed to an intercalation process, but the rapid kinetics of intercalation was character-

istic of pseudocapacitance. ! Orthorhombic and monoclinic NbyO5 consists of edge-sharing
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NbOg octahedra, which creates pathways for Li* intercalation with low energy barrier for

864 Simon and co-workers used in-situ XRD to probe the Lit inter-

solid-state diffusion.
calation pathway in a 40 pm thick orthorhombic NbyO5 (T-NbyOs) film.% They showed
reversible expansion and contraction in the d-spacing for (001), (180), and (181) planes dur-
ing lithiation-delithiation cycles. No change in the crystal phase was observed during cycling,

and they were able to cycle the active material for 1000 cycles without any loss in capacity,

at 3000 Wkh~!.65

Composite NbyOjs architectures formed with a conductive matrix/support has been suc-
cessfully employed to enhance the performance of NbyOs. For example, immobilization of
T-NbyOs5 particles on two-dimensional niobium carbide sheets (MXenes) increased the gravi-
metric capacity to 150 mAhg~! with cycle stability of up to 2000 cycles, % whereas NbyO5@

carbon core-shell microspheres demonstrated a capacitance of 140 mAhg™!

at high current
densities of up to 50 Ag~'.57 Lim et al. were able to outperform the preceding devices
by designing a mesoporous NbyOj/carbon nanocomposite that cycled stably for 4000 cy-
cles at 2 Ag~! while delivering a capacity of more than 100 mAhg=1.% They attributed
the high-rate performance and cycle stability to the uniformly carbon-coated mesoporous
template providing surface stability and electronic conductivity to the insulating NbyOs. In
pursuit of higher energy density Nb,O5 devices, Jha and co-workers recently demonstrated a
strategy of preparing mesoporous 7-NbyOs nanoscopic films that delivered superior energy
densities of 486 Whkg™' (220 mAhg™!) at a power density of 90 kWkg™! (50 Ag™') (Fig-
ure 2.3).'? Electrophoretic deposition of NbO, nanoparticles onto fluorine-doped tin oxide
(FTO) at significantly negative potential leads to migration of nanoparticles toward the cur-
rent collector surface while simultaneously evolving hydrogen gas that creates nanobubbles
in the deposited film. Upon annealing in air, the T-NbyO5 deposited has a highly porous
morphology and has intimate contact with the current collector without the requirement of

conductive binders. The porous morphology enhanced the pseudocapacitive contribution to

the charge storage and increased the specific capacity to above the theoretical capacity of
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Nb,O5 at rates of up to 50 Ag~!.12 However, significant capacity fade was observed over 500
cycles during galvanostatic charge-discharge tests (10 Ag™'), and further characterization of
the mesoporous T-NbyO5 nanoscopic films is required to probe the degradation pathways
with repeated cycling. Overall, the rapid Li* storage kinetics and cycle stability of NbyOsg

make it an attractive candidate for future applications that desire fast charge/discharge

rates.
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Figure 2.3: Summary of T-NbyO5 Electrophoretic Deposition and Resulting Electrochemical
Measurements. (Step 1) Electrophoretic deposition of NbO,, colloids onto fluorine-doped tin
oxide (FTO) under constant hydrogen evolution. (Step 2) Amorphous film heated to 550°C
for 5 h, creating orthorhombic NboOjs (7-NboOs). (Step 3) Lithiation via intercalation
pseudocapacitance in porous film leads to high energy density. Reproduced from ref (12).12
Copyright 2018 American Chemical Society.

2.4 Mechanisms of Degradation and Mitigation for

TMO Electrodes

More is known about TMOs than about conversion materials in terms of degradation and fail-
ure mechanisms and the spectrum of processes leading to irreversible capacity loss.% These

issues include degradation of binder particles, loss of conductive contact between cathode
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particles, dissolution of cathode particles, the reprecipitation of undesirable phases, disor-
dering, cracking and fracture, the formation of surface layers, and electrolyte decomposition.
In the common battery electrolyte LiPFg, decomposition leads to the production of corrosive

HF according to™

LiPFy = LiF(s) + PF; (2.3)

H,O + PFy = POFy + 2HF (2.4)

Strategies that mitigate the formation of acidic species have been successful in increasing
the cycle stability of the cathodes. Coatings that inhibit the dissolution and structural
transformations of the active material have been the subject of numerous reports. Other
strategies that help to mitigate structural degradation are the judicious selection of synthetic
protocols to achieve nanostructures that are inherently less prone to degradation during
lithiation/delithiation. This approach focuses on synthesizing structures that are better able
to accommodate the lattice strain resulting from repeated insertion/deinsertion of lithium
cations. The use of nanoparticles with conductive coatings has been effective in enhancing
the performance of the typically insulating intercalation materials, but care must be taken to
ensure that feasible mass loadings are achievable with these materials if they are eventually

to be included in commercial devices.

2.5 Emerging Tools for Assessing Degradation

The advances in electrode materials and design have undoubtedly benefited from the devel-
opment of characterization techniques that now enable wholistic understanding of electrode
materials at the nanoscale and below to their behavior in a practical device. Here, we high-
light the emerging tools for studying battery electrode degradation and provide an overview

of the information that can be obtained from a variety of physiochemical methods. We
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particularly highlight in-situ and operando techniques that provide valuable mechanistic

information on the system under real conditions.

2.5.1 Diffraction

X-ray diffraction is being applied to problems in energy storage with great efficacy because
operando XRD data can be acquired on entire batteries and has been applied to study-
ing the phase transitions of a variety of cathode materials).”"™ Jenson et al. combined
X-ray diffraction with tomography (XRD-CT) to probe the structure and composition of

commercial AAA nickel metal hydride cells.™

Neutron diffraction has greater sensitivity to the atomic parameters of lithium and offers
higher contrast with neighboring elements including Mn and Fe. As probes of the structure
and dynamics of lithium-ion batteries, neutrons have several advantages over X-rays. In the
case of lithium, isotopic enrichment with 7Li provides a strategy for highlighting the naturally
abundant SLi, which has a much higher absorption cross-section (60 x 1072* cm? at 1.54
A, relative to "Li with 0.039 x 10~2* e¢m?). Neutrons also possess tremendous penetration

depth that is sufficient for imaging entire batteries. 67"

2.5.2 Microscopy

Vigorous development of TEM has opened up new capabilities since the pioneering work in-

volving the assembly of operating batteries.” 2

In these experiments, processes associated
with charging and discharging electrodes could be observed across many length scales, down
to atomic dimensions, in real time. This work launched operando and in-situ TEM as a

potent new tool for the investigation of battery and capacitor electrodes. Two experimental

strategies for conducting these experiments have been employed. The first uses an “open”
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cell that consists of a nanometer-scale electrode immersed on one end with a vacuum com-
patible electrolyte containing a reference electrode material (e.g., Li®). The second strategy
is to contain both electrodes within an electrochemical cell that incorporates an ultrathin

electrolyte layer and (optionally) a third, reference electrode enabling potential control.

Although the focus in this area has been on the degradation of nanoscopic anodes and
cathodes, electrolyte degradation has also been investigated in some recent in-situ TEM
experiments.®? Not surprisingly, in-situ TEM has also been used to investigate SEI layer

formation. 8384

X-ray-based probes make possible the nondestructive analysis of battery and capacitor elec-
trodes in operating cells. X-ray microscopy, recently reviewed,® provides an emerging set of
tools for resolving the elemental composition of materials in real space. Two modes of oper-
ation can be distinguished. Full-field X-ray microscopy involves illuminating a micron-scale
spot on a sample and imaging the transmitted photons onto a position-sensitive detector, in
analogy to conventional TEM. The second approach, called scanning probe mode, operates
by raster scanning a prefocused X-ray beam across a sample and analyzing the transmis-
sion of this beam, in analogy to scanning transmission electron microscopy (STEM). In
both modes, control of the X-ray photon energy provides elemental contrast in the result-
ing images.® Coherent X-ray diffraction imaging (CXDI) has been used to map the local

three-dimensional strain inhomogeneity of individual cathode nanoparticles. 3687

Transmission X-ray microscopy (TXM) can address the issue of degradation and failure with
in operando NPD and investigate capacity fade in Li,MnOs. " Together, these two techniques
provide detailed real-space pictures of the compositional changes that are occurring during
the charging of this cathode, involving contraction of its volume and the formation of micron-
scale cracks, followed by discharge and the healing of some cracks during discharge and
Li insertion. These results reveal that capacity fade in this complex system occurs as a

consequence of the phase lattice change coupled with phase separation.””
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Electrochemical strain microscopy is a form of scanning probe microscopy for investigating
the transport of ions at the surface of materials. It has been used to probe LiT transport at
LiMn,0O, surfaces where it was discovered that the diffusion coefficient for Li™ was reduced
by approximately an order of magnitude in LiMn,O,4 samples that were “aged” by cycling

relative to fresh particles of the same material.®

Figure 2.4 provides an overview of common techniques used to characterize battery elec-
trodes. The rapid development of advanced characterization techniques has been of great
value to current battery research, enabling the study of materials from the atomistic scale
(Figure 2.4)% to their bulk properties (Figure 2.4b)% and behavior at the device scale (Fig-
ure 2.4¢).9! The new insights obtained from the suite of techniques listed in Figure 2.4 have
contributed to the mechanistic understanding of battery degradation that have, and will

continue to guide, future innovation in cell design and material optimization. %2
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Figure 2.4: Overview and representative examples of techniques used characterize battery
electrodes ranging from the angstrom scale to the centimeter scale and beyond. (a) High-
angle annular dark-field (HAADF) scanning tunneling electron microscopy (STEM) image
of a lithium- and manganese-rich transition-metal oxide (LMR). Reproduced with permis-
sion from ref (89).%9 Copyright 2018 Royal Society of Chemistry. (b) Scanning electron
microscopy (SEM) image of nanorod gradient Li[Niy.81Co0(.06Mng.13]O5 cathode particles.
Reproduced from ref (90).% Copyright 2019 American Chemical Society. (c¢) 3D rendering
of jelly roll assembly inside a LIB pouch cell using synchrotron X-ray computed tomography
(CT). The heat mat denotes the X-ray adsorption value of the material. Reproduced from
ref (91).%1 Copyright 2017 The Electrochemical Society.
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2.6 Conclusions and Outlook

The last six years have seen significant advances at both the anode and cathode sides of
secondary metal-ion battery systems. It is important to recognize that powering this science
and engineering has been a focused effort by the Department of Energy and other agencies
around the world to fund this work. The result has been a flurry of new science and the
entry of many scientists into the energy science space, culminating in the emergence of truly
transformational technologies with the potential to increase the capacity of batteries by

factors of two or more.

The application of advanced characterization techniques spanning orders of magnitude in di-
mensional resolution (i.e. subnanometer to centimeter) has greatly benefit the development
of battery science (see examples in Figure 2.4). In particular, the burgeoning development
of in-situ and operando techniques has enabled deeper understanding of the degradation
mechanisms plaguing promising electrode materials and has inspired a plethora of strategies
to mitigate electrode degradation, enhance cycle life, and/or improve safety of recharge-
able metal-ion batteries (Figure 2.5). Some approaches, such as the addition of strategic
electrolyte additives (Figure 2.5a) and the use of protective coatings on the electrode mate-
rial surface (Figure 2.5b), have already been implemented in commercial lithium-ion cells,
whereas synthetic optimization to produce compositionally graded (Figure 2.5¢) or shape-
controlled materials to expose favorable reactive facets (Figure 2.5d) are emerging as promis-
ing strategies to boost energy density and increase rate capability of future rechargeable

batteries. 2:28:92

The significant volume changes, material dissolution, and inadequate energy efficiencies as-
sociated with developing high capacity battery chemistries have motivated efforts toward
developing conductive composites (Figure 2.5¢) and/or 3D architectures (Figure 2.5f) to

combat these limitations. Although small-scale demonstrations show great promise for un-
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locking higher energy density batteries, transitioning the fundamental advances to commer-
cial use remains a tremendous technological challenge, as the demanding requirements for
future applications (e.g., electric vehicles) dictate that the mass loadings of active materi-
als must be increased at both the anode and cathode, coupled with increased utilization of
these active materials within the cell. These requirements are often disregarded in small-
scale demonstrations employing low tap density nanomaterials with low mass loading during

testing.

The pressure for further improvements in material design, characterization techniques, and
cell design is certain to build, driven by the significant expansion in the number of manu-
facturers marketing electric vehicles, already in progress in 2019, that will demand better
battery technology in the short term. The continued innovation and interplay between mate-
rials science and advanced characterization techniques is necessary to transition fundamental
advances to commercial use. As demand for lithium-ion batteries inevitably increases, the
associated increased cost of lithium and cobalt will continue to heighten interest in Na™, K+,
Mg?*, and other ions that are obtainable for lower cost. Surely, there has never been a more

exciting time to be engaged in research in electrical energy storage.
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Figure 2.5: Overview of notable strategies used to mitigate degradation of metal-ion battery
electrodes, including (a) designing electrolytes for enhanced SEI/CEI formation, cycle stabil-
ity, (b) interface engineering with protective coatings to prevent breakdown of active-material
particles during cycling, (c) composition control of the electrode particles, (d) synthetic op-
timization to control particle morphology, (e) the use of composites made from conductive
scaffolds and active materials. (f) designing new electrode architectures to overcome vol-
ume changes and enhance transport properties. Image used in (c) adapted from ref (28).2®
Copyright 2016 American Chemical Society.
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Chapter 3

Investigating the Degradation of
NbsOs Thin Films Across 10,000

Lithiation /Delithiation Cycles

3.1 Introduction

Transition metal oxides (TMOs) gradually lose their ability to reversibly intercalate/ dein-
tercalate metal ions (e.g., Li™) after 500-1000 cycles. When TMOs are used as battery
cathodes, this process causes irreversible capacity loss for the battery, necessitating its re-
placement. The degradation and failure mechanisms responsible for capacity loss are com-

9397 1) a loss of TMO crystallinity,

plex, and commonly include three measurable changes:
2) slowed ion intercalation/deintercalation and ion transport within the TMO, and 3) di-
minished electronic conductivity. In the cathodes of metal ion batteries, TMOs are mixed

with conductive fillers to enhance electronic conductivity and binders to promote cohesion of

the TMO layer. Mechanisms of degradation operating in such composite films are likely to
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involve these fillers and binders. %7 Since real battery electrodes contain these components,
their participation in degradation is important to understand, but the complexity of these

mutlicomponent systems with respect to degradation can be daunting.

In this study of degradation focusing on orthorhombic niobium (V) oxide

(T-NbyOj),813:1416.98°106 e simplify this problem in two ways. First, all binders and fillers
are eliminated, insuring that degradation pathways involving these extrinsic materials are
removed. Second, electrophoretic deposition (EPD),'? is used for synthesizing thin films of
T-NbyOs films. We have recently reported!? that EPD provides an unusually reproducible
method for synthesizing thin films of T-NbyOs. The use of many quasi-identical T-NbyOs5
films provides a means for studying the evolution of structure and composition during the
degradation process using tools including cyclic voltammetry (CV), high-resolution transmis-
sion electron microscopy (HR-TEM), x-ray diffraction (XRD), scanning electron microscopy
(SEM) coupled with energy dispersive x-ray (fluorescence elemental) spectroscopy (EDS),
electrochemical impedance spectroscopy (EIS), Raman microprobe spectroscopy, and x-ray

photoelectron spectroscopy (XPS).

T-NbyOs5 is an interesting candidate TMO for this study because the orthorhombic poly-

morph shows unusually rapid Li* diffusion and intercalation/deintercalation

kinetics: 8,11,13,15,16,65,104,107,108

Nb205 + ILZ+ +xe” = leNb205 (3].)

It also has a relatively high theoretical specific capacity, Cs,, of 202 mAh/g or 403 F/g for the

1.8 V voltage window used in this study. These values corresponding to x = 2 in Equation

(1).60

T- NbyOj films of 60 (£ 20) nm thickness were prepared from colloidal suspensions of NbO,
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Figure 3.1: Schematic diagram of electrophoretic deposition of NbO, and subsequent pro-
cessing to obtain T-NbyOs.

using a two step process involving electrophoretic deposition (EPD) and calcination (Figure
3.1).'2 The reproducibility of these films in terms of their electrochemical response, and the
trajectory of the specific capacity over many lithiation/delithiation cycles, is very good. For
example, during repetitive potentiostatic cycling of these films at 200 mV /s, the specific
capacity, Cy,, fades by ~30% from 400 F/g to 280 F/g after 2000 cycles.'? Film to film
dispersion of the Cs, is less than 15% from 0 to 10,000 cycles, providing the opportunity
for ez-situ investigation of film structure (XRD, TEM, SEM), chemical composition (EDS,
XPS), local bonding environments (Raman spectroscopy), and electrochemical metrics (via
in-situ EIS). The focus of this study are the mechanisms responsible for the degradation

causing this irreversible capacity loss.
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3.2 Experimental Methods

3.2.1 Chemicals and Materials

Niobium pentachloride (NbCls, 99%), hydrogen peroxide solution (HyOs, 30% (w/w) in
H,0), lithium perchlorate (LiClOy4, battery grade, dry, 99.99% trace metal basis), propylene
carbonate (anhydrous, 99.7%) and fluorine doped tin oxide (FTO) coated glass slides (surface
resistivity ~13 €2/sq) were all used as received from Sigma-Aldrich. FTO was cleaned using
a commercial cleaning solution, Hellmanex 3, obtained from Hellma Analytics. Positive
photoresist (Shipley S1808) and developer (Shipley MF-319) were purchased from Kayaku
Advanced Materials. Acetone and methanol (ACS certified grade) were used as received

from Fisher Scientific.

3.2.2 Electrophoretic Deposition of T-Nb,O;

Electrophoretic deposition of T-NbyOj films on FTO was carried out as previously de-
scribed. !? Briefly, a modification of the method of Zhitomirsky!? was used in which a clear,
colloidal NbO,, solution was first prepared by rapidly injecting Nb>* in methanol (135 mg
NbCl; dissolved in 4 mL methanol) into cold (~2°C) hydrogen peroxide. After aging at
room temperature for 3 hours, EPD was carried out potentiostatically on a 6 x 6 mm FTO
electrode with area 0.36 cm? in two electrode mode at -2.0 V. Under these conditions, a quasi-
constant deposition current was measured and EPD was continued until a total Coulombic
loading of 1.4 C/cm? was obtained - approximately 190 s. T-NbyOs5 films 60 nm in thickness

were then obtained by calcination at 600°C for 8 hours.
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3.2.3 Electrochemical Characterization

All electrochemical measurements were performed by a one-compartment three-electrode
cell using a Gamry Series G 300 potentiostat. Cyclic voltammetry was conducted in 1.0
M LiClO, (battery grade, dry, 99.99%) in dry propylene carbonate inside a Ny glovebox.
Glassy carbon rod (2 mm diameter) was used as counter electrode with a Platinum wire
pseudo-reference electrode for the electrochemical measurements. EIS measurements were
conducted from 1 Hz to 30 kHz using an amplitude of 10 mV. All potentials are referenced
to the Li/Li* couple, Ey;/1;+ = -3.045 V versus normal hydrogen electrode'® by calibrating
the Pt pseudo-reference electrode against Li/Lit using ferrocene/ferrocenium (Fc/Fe™) in

1.0 M LiClOy, PC.110

3.2.4 Structural Characterization

Scanning electron micrographs (SEMs) and energy dispersive x-ray spectroscopy (EDS) were
acquired using a FEI Magellan 400 XHR system equipped with an Oxford Instruments EDS
detector (80 mm?, AZtec software). Before imaging, samples were sputter-coated with ~5 nm
of iridium. Accelerating voltages of incident electron beams ranged from 10 kV to 30 kV and
probe currents ranged from 25 pA to 0.4 nA. All SEM specimens were mounted on stainless
stubs and held by carbon tape. X-ray photoelectron spectroscopy (XPS) was measured
using the AXIS Supra by Kratos Analytical Inc. equipped with a monochromatic Al/Ag
x-ray source. Raman spectra were obtained using a customized Renishaw InVia Raman
microscope with a 532 nm excitation laser with a 2 um spot size. Raman transitions were fit
to Gaussians to extract peak positions and the full width half maxima (FWHM). Grazing
incidence x-ray diffraction (GIXRD) patterns were collected using a Rigaku Smartlab X-ray
diffractometer in parallel beam geometry with a fixed incident angle of 0.3°. The Cu K«

x-ray generator was operated at 40 kV and 44 mA. Transmission electron microscopy (TEM)
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was performed on a JEOL JEM 2800 transmission electron microscope equipped with a 200
kV Schottky field-emission electron gun. High resolution TEM images were recorded at a
resolution of 0.2 nm. Fast Fourier Transforms were taken from selected areas in the high

resolution TEM images.

3.3 Results and Discussion

3.3.1 ex-situ TEM Analysis of Degrading T-Nb,O; Films

T-NbyOj5 films were cycled voltammetrically between 1.3 V and 3.1 V vs Li/Li* at 200 mV /s
for 10,000 cycles (Figure 3.2a). Even at this rapid charge/discharge rate, corresponding to a
C-rate exceeding 400, the voltammetry of fresh films is characterized by a reversible cathodic

lithiation peak at 1.57 V, and an anodic delithiation peak at 1.75 V - as previously observed

for NbyOj films,®11:6%104 and nanostructures. %8-100:102

Fresh T-NbyOs; films produce Cg, values of 360 - 420 F/g (Figure 3.2b) - approaching the
theoretical maximum value of 403 F/g. Beyond 1000 cycles, C,, smoothly decreases by 50%
to 200 F/g at 10,000 cycles (Figure 3.2b). The reproducibility of these cycle stability curves is
excellent, as evidenced by the error bars that show 10 for up to twelve different films. This
cycle stability equals or exceeds that reported for NbyOs in previous studies. 815:65,104,108,111
This suggests that some degradation channels are eliminated by the omission of conductive
fillers and binders, and possibly by the nanoscopic dimensionality of these films in terms

of thickness. Understanding the origins of this irreversible capacity loss is the goal of this

paper.

The evolution of crystallinity and crystal structure of T-NbyOs films were tracked by ez-situ

TEM during the degradation process by halting the cycling of films and preparing cross-
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Figure 3.2: Electrochemical and ez-situ TEM analysis of T-NbyOj films. a) Voltammetric
cycling of a 60 nm T-NbyOs film at 200 mV/s in 1.0 M LiClO4/PC showing a loss of
capacity coupled with a positive shift in the reversible potential by 100 - 200 mV across
10,000 scans. b) Twelve plots, for twelve T-NbyOs films, of the reversible capacity, C,
versus the number of lithiation/delithiation cycles. Data points (black) are average Cs,
values with =1 o error bar. Blue and red data were used to acquire TEM data for lithiated
and delithiated films, respectively. ¢) Raw FFTs of atomic resolution TEM images (top)
are paired with assignments (bottom) for lithiated and delithiated films at 1, 1000, and
2000 cycles. Changes in the major three lithiation planes, 001 (3.9 A), 180/200 (3.1 A)
and 181/201 (2.5 A), are tracked. Yellow indices represent the periodicities corresponding
to literature T-NbyOj; d-spacings. Orange indices correspond to distortions of literature
d-spacings either due to lithiation (increase in d-spacing) or damage to the crystal integrity
(decrease in d-spacing). Blue indices track the appearance of a 060 (4.9 A) family of planes
which have not been show to contribute to lithiation in 7-NbyOs.
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sectional specimens for TEM analysis. Twelve T-NbyOj films, corresponding to the twelve
Csp versus cycles data sets shown in Figure 3.2b, were used for the preparation of the samples
studied by TEM. Black data points and error bars are mean values and standard deviations
for Cg,, showing the reproducibility of the electrochemical energy storage properties of these
films. Cross-sectional TEM studies were also conducted on thin films after 0, 1, 1000, 2000,
5000, and 10,000 voltammetric lithiation/delithiation cycles (Figure 3.2¢, Figure 3.3). TEM
data for 5000 cycles films is omitted here because these films were indistinguishable from
2000 cycle samples. Two samples were examined at each of these junctures corresponding

to the lithiated (1.3 V ws Ep;/1,+) and delithiated (3.1 V vs Ep;/1;+) states, as indicated.

The niobium sub lattice can be seen in HR-TEM images of as-prepared films (Figure 3.3a,
top). However, the crystallinity and structure of this material is more readily determined
by evaluating Fast Fourier Transforms (FFTs) of the real-space TEM images, as shown in
Figure 3.3a (bottom). In the bottom image of Figure 3.3a, the FFT shows prominent peaks
produced by the 001, 180/200, and 181/201 periodicities present in the TEM image. At
higher magnification (Figure 3.3a, top inset), (001) and (180/200) planes of Nb atoms are
resolved. In contrast, after 10,000 cycles, no evidence of crystalline structure is observed
in either real space or FFTs of the HR-TEM images (Figure 3.3b). The integrity of the
orthorhombic lattice is more easily evaluated from FFTs of the real space TEM data, and

FFTs are analyzed exclusively below.
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Figure 3.3: Real space and Fourier transformed TEM images. (a,b) TEM images shown in
real space (top) and after the application of a Fast Fourier Transform (FFT, bottom) for (a)
a freshly prepared, uncycled T-NbyOs film and (b) a film cycled 10,000 times. a). The inset
shows the niobium sub lattice at higher magnification. b) A T-NbyOs5 film cycled 10,000
times at 200 mV/s is completely amorphous. FFTs of these images show no prominent
reflections, and no atomic order is seen at higher magnification (inset). The distance bar for
the inset images is 2 nm.

3.3.2 Correlation of Specific Capacity with Cycling and Local

Film Crystallinity

Simon and co-workers® collected XRD data of T- NbyOs film as a function of lithiation
potential. They observed that 001 (3.9 A), 180 (3.1 A) and 181 (2.5 A) planes shifted to
higher d-spacing values when Li*T was inserted into the lattice. From their study, it can be

inferred that these planes provide the necessary pathway for Li™ to intercalate and translate
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through the material.% These planes are readily identified in the FFT of the uncycled film

(Figure 3.3a, bottom).

The progressive loss of crystallinity of 7-NbyOs5 films with cycling is evidenced by the changes
seen in these planes at 1 cycle, 1000 cycles, and 2000 cycles (Figure 3.2c). This analysis
focuses on the major three planes, 001 (3.9 A), 180/200 (3.1 A) and 181/201 (2.5 A) (Figure
3.2¢, yellow). The remaining unmarked reflections are predominantly derived from the same
families of planes but are much weaker in intensity. It should be noted that the resolution
of these TEM images is insufficient to permit the 180 (3.14 A) and 200 (3.09 A) or the 181
(2.45 A) and 201 (2.43 A) planes to be resolved. Instead, the d-spacings of each appear as

3.1 A and 2.5 A, respectively.

After the first lithiation of the pristine T-NbyOj thin film sample (Figure 3.2¢, 1 cycle), the
presence of both shifted and unshifted reflections are seen, revealed by the doubling of the
reflections. This implies that lithiation of the lattice was incomplete and both lithiated and
delithiated domains in the film are contributing to the TEM image in this region. Multiple
reflections and distortions are also observed for the 180/200 (3.1 A) and 181/201 (2.5 A)
planes but the measured shifts in these reflections are too small to significantly deviate from
the literature d-spacings. While the lithiated sample has a distorted orthorhombic structure,
it has not lost significant crystallinity in the first lithiation. As the sample is delithiated
(Figure 3.2¢, 1 cycle), the FFT shows that the sample returns to the initial orthorhombic
state. The FFT shows the presence of only the 180/200 (3.1 A) plane, doubled peaks

signaling the presence of lithiated and delithiated domains are no longer visible.

By the 1000th cycle, the distortions in the lattice are more evident in the lithiated FFT.
While the reflections for the three major lithiation planes are indexed with literature values,
multiple double reflections can be seen with slight deviations from the literature distances.
Blurring of the bright reflections into rings can be attributed to a decrease in the crystallite

size and random orientation of the crystals approaching a more polycrystalline sample as
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the stress of de/lithiation damages the crystal integrity. As the sample is delithiated, the
family of planes with the d-spacing of 4.9 A (Figure 3.2¢, blue) can be assigned to the 060

plane, but this plane has not been show to contribute to lithiation in 7-NbyOs.

After 2000 cycles, the lattice is severely distorted. In the lithiated sample, the d-spacings
for the 180/200 and 181/201 planes show significant deviations from the literature values.
Reflections that do not conform to the orthorhombic model are proposed to be the result of
minor to severe deformations from the parent orthorhombic structure (Figure 3.2¢, orange).
For the 181/201 (2.5 A) plane, reflections show both an increase in the d-spacing (2.6 A)
which can be attributed to expansion due to lithiation and a decrease in the d-spacing (2.3
A) which could be due to degradation of the crystallinity. In the delithiated state, all the
visible planes do not revert back to the original orthorhombic structure after thousands of
cycles, but appear to remain contracted as compared to literature values. By 2000 cycles,
the distortions in the d-spacings are much more severe and irreversible. Although faint, the
family of reflections with 5.0 A d-spacing corresponding to the 060 plane is again visible at
2000 cycles.

As the films are cycled beyond 2000 cycles, several reflections show the orthorhombic struc-
ture (3.9 A, 3.1 A, 2.5 A) (Figure 3.2c, yellow), but most of the reflections show distorted
orthorhombic planes (3.2 A, 3.0 A, 2.3 A, 2.4 A, 2.6 A) (Figure 3.2¢, orange) or orthorhombic
planes that do not contribute to lithiation (4.9 A, 5.0 A) (Figure 3.2c, blue). The distorted
reflections are also doubled and blurred, representing a small crystallite size, random crystal
orientation, and nonuniform lithiation throughout the film. Finally, after 10,000 cycles, the
distortions increase to the point that the whole structure breaks down and only amorphous
NbyO5 remains (Figure 3.3b). To summarize, as the lithiation-delithiation progresses, the
T-NbyOs5 structure slowly degrades to a completely amorphous structure, destroying the
lowest energy pathways for Li* through this lattice (Table 1). In addition to impeding Li*

transport in the lattice, the loss of crystallinity can be expected to reduce the rate of Lit
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intercalation and to increase the electrical resistance of the T-NbyOs. These TEM obser-
vations demonstrate that the observed capacity fade (Figure 3.2b) occurs in parallel with
a monotonic loss of lattice integrity and, eventually, the complete loss of the orthorhombic

crystal structure.

Table 3.1: Evolution of T-NbyOj5 structure with cycling.

Cycle Phases
Lithiated Delithiated
Pristine - Orthorhombic
1 Expanded Orthorhombic Orthorhombic
1000 Disoriented Orthorhombic Deformed Orthorhombic

2000  Deformed/disoriented Orthorhombic Highly deformed/disoriented Orthorhombic

10000 Amorphous Amorphous

3.3.3 Delamination of the T-NbyO; Film from the FTO

In parallel with the loss of crystallinity seen in the TEM data of Figures 3.2 and 3.3, cross-
sectional TEM images of the T-NbyOs film/FTO interface (Figure 3.4) reveal a second
process is occurring that is likely to depress Cy,. This is the delamination of the film from
the FTO current collector resulting in the formation of cavities (Figure 3.4, white regions).
For the pristine T-NbyOs film, a tight interface is observed (Figure 3.4a). However, small
cavities are already observed after just one lithiation/delithiation cycle (Figure 3.4b), and
these cavities pervade most of the interface after 1000 cycles, extending for up to one micron

(Figure 3.4c). Strain between the FTO electrode and the T-NbyOs film is a likely cause for
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the loss of film adhesion to the FTO and the formation of cavities at this interface.

pristine Nb2Os | cycle 1000 cycles

1
\ | . . .
b- V1 iridium

“liridium
%

L%

_\«T-NbOs
Pt FTO

Figure 3.4: Cross-sectional TEM of the T-NbyOj film/FTO Interface. a) pristine 7T-
NboO; film showing intimate contact between the film and the FTO. b). After one lithia-
tion/delithiation cycle, small voids (white outlined in orange), begin to open between the
film and the FTO. ¢). After 1000 cycles, delamination between the FTO and the film extends
for up to one micron.

This progressive delamination of the film from the FTO conductor provides a second mech-
anism, in addition to the degradation of the T-NbyOs5 lattice itself, that can be expected
to contribute to the increased electrical resistance at the FTO/film interface potentially

contributing to a loss of Cj,.

3.3.4 SEM Images and EDS Elemental Mapping

Strain caused by the volume change produced by lithium intercalation/deintercalation is
implicated in the degradation of the orthorhombic T-NbyOs5 lattice (Figures 3.2,3.3), and
in the delamination of the film from the FTO current collector (Figure 3.4). On the other
side of the film which is in contact with the electrolyte, the roughening and pitting of cycled
T-NbyOs film surfaces is seen in ez-situ SEM images (Figure 3.5). An EDS elemental map

showing the Nb L,, peak reveals dark areas where active material is no longer present. Pris-
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Figure 3.5: SEM (a,b,c) and EDS (d,e,f) analysis of T-NbyOj film surfaces. a,d) Typical
texture for pristine T-NbyOs films. EDS analysis of this region shows quasi-uniform Nb
signal (green). b,e) After one lithiation/delithiation cycle, cracking of the film surface is
observed. Such cracks also show loss of Nb signal. c,f) After 1000 cycles, pitting and flaking
of the film surface is seen.

tine, uncycled films show typical pebbled texture that derives from the deposition of colloidal
NbyOs particles during EPD film growth (Figure 3.5a). These films show a quasi-uniform
Nb EDS signal across the image (Figure 3.5d). After just one lithiation/delithiation cycle,
cracking is observed (Figure 3.5b) and loss of Nb is seen at these cracks (Figure 3.5¢). For
films cycled 1000 times, pitting and flaking of the film surface is pronounced (Figure 3.5¢)

and Nb loss is co-localized with these defects (Figure 3.5f).
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3.3.5 Bulk Crystallinity as a Function of Cycling

While TEM probes the localized crystalline structure of these films in nanometer-scale re-
gions, x-ray diffraction is capable of assessing the spatially averaged structure across a much
larger, 100 micron or millimeter-scale area, probed by the x-ray beam. Thus, TEM and
XRD provide fully complimentary data on the evolving structure of these films as degra-
dation occurs. To this end, grazing incidence XRD (GIXRD) was conducted on a series of
T-NbyOs films across the same 10,000 cycle range explored by TEM and other techniques

in this study.

The GIXRD pattern of the pristine, uncycled film aligns with the literature pattern for
T-NbyOs5,%135% in agreement with the diffractions points seen in the FFT of the pristine
film (Figure 3.3a, bottom), and tetragonal SnO, from the FTO (Figure 3.6a).''? The three
planes associated with the main lithiation pathways are tracked as a function of cycling
(Figure 3.6b). The calculated d-spacing for the 001, 180/200, and 181/201 planes are 3.911
A, 3.099 A, and 2.438 A respectively, which agree with the d-spacing values measured from

TEM. Crystallite size calculated using the Scherrer equation is approximately 20 nm.
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Figure 3.6: Grazing incidence XRD (GIXRD) data for T-NbyOj thin films on FTO. a)
GIXRD pattern for a pristine T-NbyOj5 film on FTO. T-NbyOj reflections are indexed in
green and SnOs reflections from the FTO substrate are indexed in orange. b) XRD patterns
collected from 15 to 40 degrees across 10,000 cycles. Delithiated films are denoted with a
“D” and lithiated films are labeled with “L”. GIXRD data for films cycled for 0 (pristine),
1, 1000, 2000, and 10,000 cycles are shown in both the lithiated and delithiated state. The
reflection at 31.8° can be assigned to the cubic phase of SnOy from FTO and the small
reflection at 16.9° in the 10,000 cycle lithiated sample is assigned to the 130 plane of T-
Nby,O5 with a d-spacing of 5.2 A. ¢) Expanded windows for the 001, 180/200, and 181/201
reflections showing changes in peak position as compared to the pristine sample (dashed
line).

After one cycle, GIXRD reflections are shifted to a smaller d-spacing for delithiated films
and a larger d-spacing for lithiated films (Figure 3.6b,c). Approximately a 0.01 A con-
traction/expansion is observed which can account for the lack of significant change in the d-
spacing measured by TEM between the pristine film and the one cycle de/lithiated films (Fig-

ure 3.2¢, Figure 3.3a bottom, Figure 3.6b,c). Simon and coworkers® measured a 0.1 A change
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in d-spacing with lithiation in T-NbyOj electrodes, suggesting nonuniform de/lithiation in
the thin films observed here. Peak broadening from pristine films to films after one cycle can
suggest that films are partially de/lithiated and the XRD reflections represent both states
of lithiation across the film (Figure 3.6¢). Additionally, peak broadening could be due to a
decrease in crystallite size which is seen in TEM by the blurring and doubling of diffraction

spots (Figure 3.2¢).

By 1,000 cycles, signs of degradation are noticeable, particularly in the lithiated films (Figure
3.6b,c). Very little peak shift occurs with lithiation and delithiation suggesting that these
lithiation pathways are starting to deteriorate. A slight increase in peak broadening, espe-
cially in the lithiated samples, continues to suggest that films are non-uniformly lithiated as
seen in the TEM. Furthermore, the low intensity of T-NbyOj5 reflections hints at a decrease

in the crystallinity of the film.!13

At 2,000 and 10,000 cycles, there is virtually no change in d-spacing between the pristine film
and the de/lithiated films except for the 180/200 plane which appears to remain lithiated
even in the delithiated sample (Figure 3.6b,c). The intensity of the lithiated (Figure 3.6b,c)
film after 2,000 cycles is so low that the 180/200 and 181/201 peaks appear amorphous.
However, in contrast to the TEM data of Figure 3.3, GIXRD does not show that the films
are amorphous after 10,000 cycles. However in view of the fact that crystallinity of these
films is substantially degraded at 1,000 and 2,000 cycles, the possibility exists that film
delamination of the 10,000 cycle samples from the current collector occurred, preventing
these films from cycling and preserving the crystallinity of these samples. This scenario is
supported by the fact that little change in d-spacing and peak width are observed between
the pristine film and the 10,000 cycle film samples. A decrease in cycle stability and little
change in crystallinity hints that the delaminated portion of the film does not contribute to

de/lithiation capacity.

Overall, these GIXRD data support the conclusion that in the bulk of these T-NbyOj5 films,
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lithiation pathways deteriorate as a function of cycling as evidenced by the loss of d-spacing
changes - between lithiated and delithiated films - after 2,000 cycles. TEM hints that local
regions within these films are “trapped” in a lithiated or delithiated state by 2,000 cycles,
accounting for the broad peaks seen in GIXRD that average out to d-spacing values close
to those of an uncycled film. Between 2,000 and 10,000 cycles, the lack of amorphization in
GIXRD and low capacity suggest that large areas of the films delaminate to the point where
they can no longer contribute to de/lithiation and stop degrading. However, TEM shows

that regions that do remain in contact become fully amorphous by 10,000 cycles.

3.3.6 ex-situ XPS Analysis of Surface Chemical Composition.

In 2016, Yu and co-workers'® used ez-situ XPS to monitor the oxidation state of a NbyOs
nanosheet anode as a function of its equilibrium potential in 1 M NaClO4 in a mixture of
ethylene carbonate and propylene carbonate. They found that upon intercalation of sodium
cations, Nb 3d peaks shift to a lower binding energy due to conversion of most Nb>" centers
to Nb*t centers, and then reverts to higher binding energy upon deintercalation.'®® Luo

4 also investigated the sodiation of T-NbyOs using ez-situ XPS over the

and co-workers!!
course of two cycles and noted that a full conversion of the Nb metal centers between the
charged and discharged states was not observed. Rather, the Nb centers cycled between
two charge states, Nb*?2* and Nb*!%+ suggesting a mix of Nb valences are present in the

sample throughout the sodiation process. These studies focused on the initial intercalation

and deintercalation cycles for NbyOs.

Few investigations report the XPS analysis of the surface chemical state of T-NbyO5 caused
by long term cycling. Nakajima and co-workers'!® looked at different states of charge over
the course of ten lithiation/delithiation cycles for T-NbyOs films. These authors reported

a reversible shift of 0.5 eV to lower binding energies for the Nb 3d peaks when the sample
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Figure 3.7: XPS Analysis of delithiated T-NbyOs as a function of number of lithia-
tion/delithiation cycles. a). Nb 3d high resolution photoelectron spectra for five T-NbyOs
samples subjected to 1 - 10,000 cycles compared with pristine and amorphous (un-annealed)
samples. Blue fittings corresponds to Nb3* and orange corresponds to Nb*™. b) Oxygen 1s
photoelectron spectra for the same samples shown in (a). In these spectra, blue corresponds
to lattice O%~, green to non-lattice oxygen, and orange to adsorbed OH~ and H,O. ¢) Plot
of Nb 3d binding energy wersus number of cycles, d) Plot of O 1s binding energy wversus
number of cycles.

was fully lithiated. Subsequent cycling led to the disappearance of clear peaks in the Nb 3d
region. In the O 1s spectra, lithiation caused an irreversible 2 eV shift in the lattice O~

peak from 531.3 to 533.3 eV, that recovered to 533.0 eV upon delithiation. !

XPS data was acquired for delithiated films as a function of the number of lithiation/ delithi-
ation cycles (Figure 3.7a,b). As-synthesized but un-annealed NbyOj films show Nb 3d peaks
(Figure 3.7a, “Amorphous”) with binding energies of 207.47 and 210.21 eV assigned to
Nb 3ds/ and 3ds/s, respectively, in agreement with literature values for amorphous NbyOs
films. ¢ Calcining introduces oxygen vacancies to T-NbyOj films (Figure 3.7a, “Pristine”),

and this is demonstrated by the Nb:O stoichiometry of 29.9% Nb and 70.1% O, correspond-
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ing to a stoichiometry of NbyOy, 7 for the orthorhombic films. Nb 3ds/, and Nb 3ds5/, peaks
are shifted lower by ~500 meV in the films annealed at 600° C, compared with the amor-
phous material. These shifts are similar to those seen by others who have investigated NbyOs
with oxygen vacancies resulting from elevated annealing temperatures. "8 For example,
Atak investigated the effect of heat treatment on the optical, structural, electrochromic, and
bonding properties of 0.125 inch thick 7-NbyOj films and observed a negative shift of 300
meV upon annealing as-synthesized material at 600°C.!*7 The O 1s region in the pristine
film (Figure 3.7b, “Pristine”) shows the presence of three peaks at 530.0, 531.0, and 532.1
eV which correspond to lattice O%?~, non-lattice oxygen, and adsorbed -OH and H,O, respec-
tively.1* Film stoichiometry was determined using the peaks for lattice O?~ and non-lattice
oxygen. Atak and co-workers!'” reported a negative shift by 0.4 eV in the binding energy
of the O 1s peaks after annealing their films to 600°C, which is also seen here for films

transitioning from amorphous NbyOs5 to crystalline T-NbyOs.

After one lithiation/delithiation cycle, a small shift in Nb 3d peaks by 40 meV is observed
(Figure 3.7a, “1 cycle”). This shift is much smaller than the ~0.5 eV shift to lower binding
energy that has been reported when NbyOs films are lithiated'® but it is in the same
direction. This implies that it could be a consequence of irreversible Li insertion into the
T-NbyOs. In the O 1s spectrum (Figure 3.7b, “1 cycle”) the lattice O?~ peak is also shifted
negative by 30 meV. This is interesting because the irreversible shift seen by Nakajima
and co-workers'!® is absent here. As the T-Nby,Oj is cycled, Nb 3d peaks steadily shift to
higher binding energies, approaching values seen in amorphous films (Figure 3.7a,c). The O
1s spectrum displays similar behavior, with both lattice O?>~ and non-lattice oxygen peaks
shifting to higher binding energies (Figure 3.7b,d). The observed evolution of O 1s and Nb
3d are consistent with an increasing contribution of high valance Nb®" as cycling progresses.
In parallel with these shifts, both Nb 3d and O 1s peaks also broaden considerably. For
example, in the case of the Nb 3d peaks (Figure 3.7a), the line-width of the Nb 3d peaks

for pristine 7-NbyOj5 is 0.95 eV, and these peaks broaden to 1.35 eV after 10,000 cycles,
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suggesting an increase in the heterogeneity of the Nb chemical state. Even more dramatic
broadening of the O 1s peak (Figure 3.7b) is caused by increased contributions from non-

lattice O and adsorbed HyO and OH™ species.

The evolution of the XPS spectrum with cycling can be accounted for by a combination of two
processes: First, T-NbyOj5 films become progressively more amorphous with cycling causing
line-widths to broaden for both Nb 3d and O 1s peaks. The amorphous, as-synthesized state
of NbyO5 has an oxidation state of Nb3*. Calcination imparts crystallinity while also intro-
ducing oxygen vacancies resulting in a mixture of Nb** and Nb>* species. 17120 Continuous
cycling, and the associated repetitive stress of lithium insertion and deinsertion, leads to
fatigue of the T-NbyOj5 lattice culminating in a collapse of the orthorhombic structure and
the formation of an amorphous NbyOj5. The resulting inhomogeneity of Nb centers accounts

for the increased line width of the Nb 3d peaks after being cycled 10,000 times.

Second, a progressive loss of T-NbyOj is occurring as a consequence of pitting (Figure 3.5)
and, potentially, dissolution of the film as more soluble Nb** dissolves into the electrolyte
during cycling, leaving behind less soluble Nb®*+ of the delithiated oxide. To corroborate this
hypothesis, XPS was used to examine the composition of salts recovered by evaporation from
the electrolyte used for lithiating/delithiating 7-NbyOj films for 10,000 cycles (Figure 3.8).
There is overlap between the regions where Nb 3d peaks and Cl 2p peaks from the perchlorate
salt used as electrolyte appear, however the Nb 3ds/, peak and the O 1s lattice 02~ peak
are observed at 206.7 eV and 533.2 eV respectively, binding energies which are characteristic
of Nb** species.?! This supports the hypothesis that Nb** is selectively dissolved from the

film into the electrolyte.
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Figure 3.8: XPS analysis of dissolved salts recovered from electrolyte after 10,000 cycles.
a). Overlapping Cl 2p and Nb 3d regions showing both Cl 2p peaks consistent with ClOy
and Nb** peaks. b). O 1s region with deconvolutions illustrating contributions from surface
oxygen, ClO,, and NbO,, as indicated.

3.3.7 Degradation and the Niobium Co-ordination Sphere: FEx-

situ Raman Spectroscopy

There is extensive literature on crystal disorders and phase changes observed in the Raman
spectra of niobium oxides. 2?71 Amorphous niobia consists of distorted NbOg, NbO~, and
NbOg polyhedra, characterized by strong and broad stretching modes at or about 650 cm ™!

125 Crystalline niobia are characterized by Nb-O-Nb stretching at

in the Raman spectrum.
690 cm !, with sharper transitions than are seen for the amorphous phase, since a majority
of the polyhedra are NbOg and a minority of polyhedra have distorted co-ordination. Raman
spectra evolution of lithiated and delithiated T-NbyOs performed by Liu and coworkers !
showed a weakening of signal intensity between 570-770 cm~! upon lithiation. They suggest

that this attenuation is due to LiT “bridging” Nb-O-Nb oxygens across layers, confirming

that Raman peaks in the 570-770 cm~! region correspond to Nb-O-Nb stretching. !2¢

The influence of the repetitive stress imposed by many lithiation/delithiation cycles on the
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stretching frequencies of niobia, however, has not been intensively investigated. But the
influence of another mode of damage, mechanical milling, was studied by Senna and co-
workers. 1?7 Starting with pure monoclinic NbyOs, damage by milling induced a softening of
the Nb-O-Nb stretch by up to 10 cm~! coupled with an increase in its full width half maxima
(FWHM).'?" Figure 3.9a shows the progress of niobium pentoxide degradation monitored
via Raman spectroscopy, at regular intervals from pristine to 10,000 cycles. The 60 nm 7-
Nb,Os film was deposited on a 600 nm fluorine doped tin oxide (FTO) layer which in-turn
was deposited on glass. The glass layer shows a vibration at 560 cm™! (shown in blue) and
vibrations of the FTO appear at 600 cm ™! and 630 cm™! (shown in green) along with a weak
vibration near 680 cm™! (shown in gray) that was not seen in the NbyO5 films (Figure 3.9a).
Pristine, uncycled orthorhombic NbyO5 shows an average stretching vibration band at 686
em~! with a FWHM of 72 cm ™! and changes in these values are tracked across the 10,000

cycles (Figure 3.9b,c).

The FWHM of the Nb-O-Nb band (Figure 3.9b) increases significantly (up to 7 cm™') after
1000-2000 cycles. This is attributed to an increase in the inhomogeneity of the polyhedra in
these degraded films. The increase in FWHM coincides with TEM images that show strong
distortions of the orthorhombic structure, also at 2000 cycles (Figure 3.2¢). With cycling,
the Nb-O-Nb stretching peak shift fluctuates about 5 cm™! (Figure 3.9¢), but it remains
in the range from 685 to 692 cm™! providing no definitive evidence for a change in bond
order within the T-NbyO5. Large error bars in both (9b) and (9¢) indicate inhomogeneity
of these quantities across a single sample. This makes the subtle changes in the Raman
spectra difficult to precisely track due to interfering spectra of the FTO substrate, especially
the small vibration around 680 cm ™!, but suggest that the co-ordination sphere of T-NbyOs

becomes more distorted as the film is cycled.
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Figure 3.9: Degradation of T-NbyOj5 co-ordination sphere upon cycling of a 60 nm 7-NbyOs
film deposited on FTOQ@glass to 10,000 cycles, monitored via ez-situ Raman spectroscopy.
a) Raman spectra at different intervals of cycling left at a delithiating potential. The blue
curve depicts the stretching vibrations for the glass substrate, green for FTO, and red for the
Nb-O-Nb stretching vibrations. Gray curves in glass spectra correspond to weak stretching
vibrations that are more prominent in the FTO spectra and the gray curve in the FTO spec-
tra notes a weak stretching vibration in the FTO that is hidden by the Nb-O-Nb stretching
vibration. b-c¢) Changes in the FWHM and Raman shift, respectively, across 10,000 cycles
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3.3.8 Electrochemical Impedance Analysis (EIS)

In contrast to the other techniques employed in this study, EIS was used as an in-situ
rather than an ez-situ probe of the electronic and electrochemical properties of T-NbyOs

129,130

films during cycling.'?® EIS has been used to study Nby,Os battery electrodes and

supercapacitors 181317133

systems, but its application to degradation analysis has not yet
been reported to our knowledge. A simple two-interface circuit provides excellent fits to our
EIS data across all 10,000 scans (Figure 3.10a,b,c). This circuit accounts for the impedance
contributions of two interfaces with parallel capacitor-resistor pairs: the FTO/T-NbyOs
interface (interface 1), and the T-NbyOj;/solution interface (interface 2). In addition, a
solution resistance, R, is included in series. Constant phase element (CPE) approximations

of a capacitor are used in this analysis.!*

Nyquist plots acquired at 7 frequencies (Figure 3.10a) consist of two, fused semicircles that
are well modeled by this equivalent circuit (solid lines, Figure 3.10a). However, stable
values for the circuit elements R;, CPE;, Ry, and CPE, are not obtained until after ~100
cycles. The initial impedance response is characterized by highly fluxional values for all
four circuit elements, as seen for example in the <1000 cycle data of CPE, (Figure 3.10f).
This impedance instability is attributed to the mechanical delamination of the T-NbyOj film
from the FTO surface, as documented by the TEM cross-sections of Figure 3.4. As indicated
above, we speculate that delamination is the result of the relief of strain between the FTO
and T-NbyOs imposed by lithiation volume expansion of the T-NbyOs. Once delamination
has occurred and this strain is relieved, impedance noise disappears and high signal-to-noise

impedance data are obtained (Figure 3.10e,f).

Delamination is expected to increase R; as electrical continuity between the FTO and the
and T-NbyOs5 film is lost, and decrease CPE; by increasing the effective “capacitor spacing”

as the FTO and T-NbyOj film surfaces are progressively separated from one another. These
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Figure 3.10: EIS analysis of 7-NbyOj films. a). Nyquist plots of EIS frequency spectra
acquired from 1 Hz to 40 kHz for the delithiated state of T-NbyOs5 films in 1.0 M LiClOy4, PC.
Voltammetric scanning at a rate of 200 mV /s for this film was interrupted at 16 junctures
and EIS spectra acquired. Data from 7 data sets, are shown here for clarity. The solid
lines are least squares fits to the equivalent circuit model shown in (c¢). b). Schematic
diagram showing the system under investigation, c¢) Equivalent circuit used to model the
EIS response of a T-NbyOs film on FTO. d) R, versus number of cycles. e). Log-linear plots
of the resistances R; and Rs. f). Log-linear plots of the constant phase elements (CPEs)
CPE1 and CPE2
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two changes are observed in the data of Figure 3.10e and 3.10f which documents an increase

in increase Ry by a factor of 24, and a decrease in CPE; by 40%.

Changes in Ry and CPE,, the culmination of a loss in crystallinity by the 7-NbyOj film, are
somewhat more difficult to rationalize. The conversion of a crystalline T-Nby,Os5 film to an
amorphous one should increase Ry, and this is clearly observed: R, increases substantially,
by 48%, from 2.5 k2 to 3.7 k) from 100 to 10,000 cycles (Figure 3.10e). CPEsy, on the other
hand, increases from 1.5 x 10~ F at 1000 to 2.5 x 10~* F at 2000 cycles, but with continued
cycling, CPE, declines to 1.0 x 10~ F at 10,000 cycles. The source of the noise seen in the

CPE; data for <1000 cycles is likely caused by the delamination of the film from the FTO.

Finally, the solution resistance, Ry, stays almost constant throughout 10,000 scans, increasing
by just 25% (Figure 3.10d). In view of the magnitude of the changes to the other circuit

elements measured here, this change is inconsequential.

How will the observed changes to these five circuit elements influence the performance of
T-NbyOj5 films? To answer this question, it is important to appreciate that even at the
rapid, 200 mV /s scan rate and a 1.8 V voltage window, the effective frequency is just 0.06
Hz - considerably lower than the 1 Hz lowest frequency measured in this study. So in terms
of impacting the energy storage performance of these films, the low frequency impedance
provides the most direct measure of impact. The total film impedance, Z;.q at 1 Hz,
encompassing the capacitive (Z;,,) and the resistive (Z,.) impedance components (Za =
(72, + 72)Y?), increases from 780  at 10 cycles to 1860 Q at 10,000 cycles. So the
approximate doubling of the Z;q coincides with a reduction in Cjy, by one-half (from ~400

C/g to ~200 C/g, Figure 3.3b), quantitatively as expected.
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3.4 Conclusion

We report the characterization as a function of number of lithiation/delithiation cycles of
ultra-thin (60 nm) 7T-NbyOs films prepared by EPD. Many (>100) identical films were pre-
pared and characterized using ex-situ tools including TEM, SEM, EDS, GIXRD, XPS, Ra-
man microprobe spectroscopy, cyclic voltammetry, and (in-situ) EIS. The main conclusions

of this work are the following;:

As-prepared T-NbyOj; films prepared by EPD exhibit high Cy, in the 400 F/g range
approaching the theoretically expected maximum value of 403 F /g, and highly reversible elec-
trical energy storage, retaining significant Cj, for up to 10,000 cycles; losing approximately

50% over this number of scans (see data in Figure 3.2b).

After 1000 lithiation/delithiation cycles the crystalline, orthorhombic lattice begins to
undergo degradation within 1000 cycles, with numerous lattice distortions visible at 2000
cycles (Figure 3.2c). This is the interval of scans over which most of the Cs, loss occurs.
Delamination of the T-NbyOs film from the FTO current collector producing an appre-
ciable gap is observed (Figure 3.4). SEM/EDS images of the film surfaces shows circular
pitting with complete loss of Nb signal within these regions (Figure 3.5). An inhomogeneity
develops in the co-ordination sphere of oxygens about Nb centers, and NbO; and NbOg
co-ordinations are observed along with NbOg characteristic of T-NbyOj5 (Figure 3.9). This
leads to destruction of the low energy barrier pathway for Lit intercalation, which comprises

the corner-shared NbOg octahedra.

In addition to impeding Li* diffusion, these chemical changes increase the barrier for elec-
trons to reach the Nb centers, resulting in increased electrical resistance. This increased
resistance at 1000 cycles is directly measured by EIS, which shows significant increases in

both Ry and Ry (Figure 3.10) commencing at 1000 cycles.
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Between 2000 and 10,000 lithiation/delithiation cycles. T-NbyOjs films are largely
rendered amorphous at 2000 cycles, and the deleterious changes in film resistance (Figure
3.10) and chemical state (Figures 3.7,3.9) continue to be observed. These are direct evidence
for the selective leaching of Nb** from the film (Figure 3.8). At 10,000 cycles, chemical shifts
for Nb 3d and O 1s return to values seen for freshly-deposited, amorphous NbyOj films (i.e.,
purely Nb5*) prior to annealing. This means that these films are nearly depleted of Nb**,

formed during lithiation.

Remarkably, in spite of the damage documented by these data after 10,000 cycles, the amor-
phous NbyOj films retain a Cg, ~200 F/g, or 50% of the capacity of freshly annealed and
crystalline T-NbyOj films of Cy, ~400 F/g.
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Chapter 4

In-Situ Electrical Conductivity of
Lithium Niobium Pentoxide as a

Function of Lithiation Potential

4.1 Introduction

The electrical conductivity, o, of lithium ion intercalating battery electrode materials such
as transition metal oxides (TMOs) like Li,MnOy3* 138 and Li,CoO4 391! can be strongly
dependent upon the value of x. ¢ is also influenced by the formation of defects, dissolution,
and irreversible electrochemical processes, all of these promoted by the stress/strain imposed
by lithiation/delithiation cycling.'4?714 In-situ measurement of o as a function of z and
during potential cycling is important for understanding mechanisms of degradation and
failure for TMOs and other active materials, but there are few methods for measuring the
electrical conductivity of battery electrode materials in-situ, particularly for electrodeposited

battery materials.
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In-situ measurements of o for battery electrode materials were first described in the early
1990’s. A version of the method employed in the present study was first described by Baudais
and Dahn'%’ who evaporated WOs5 films onto two aluminum electrodes patterned on glass.
The film resistance was then obtained by analyzing the current transients generated by
an applied potential step between these two aluminum electrodes. Uchida and coworkers '3
deposited Li(;_;)MnyOy4 using an electrostatic spray deposition process onto an interdigitated
metal electrode that was then used to measure in-situ conduction; a strategy similar to that

.16 used a similar approach to investigate

employed here. More recently, Sauvage et a
the in-situ conductivity of LiCoOs and a-Fe;Og3 films prepared by pulsed laser deposition
(PLD). A different approach described by Wang, Appleby, and Little!4"148 involved the
embedding nickel screen electrodes in solid-state batteries in order to directly measure the
electrical resistivity of these systems in-situ. Prior measurements of o have focused on films
prepared by non-electrochemical means - evaporation, spray deposition, PLD. 135145146 A]]
of these methods allow the material of interest to be deposited directly onto an insulating
surface within the gap between two measurement electrodes as required for the conductivity
measurement. This is not possible for electrodeposited materials because an electrode is

required to effect the electrodeposition process and this electrode invariably interferes with

the conductivity measurement.

The most common tool used for probing the electronic conductivity of battery electrode
materials in-situ is electrochemical impedance spectroscopy (EIS) in which the resistive and
capacitive components of the complex impedance are measured as a function of frequency,
often across many orders of magnitude from < 1 Hz to 10° Hz.!3%149153 E[S is applicable to
battery electrode material prepared by any technique including electrodeposition. But an EIS
frequency spectrum is not readily translated into a numerical measurement of the electrical
conductivity of the battery electrode material for three reasons: 1) battery active materials
are often dispersed on highly conductive current collectors that interfere with quantitative

interpretation of the EIS data, 2) the precise dimensions of the battery electrode material
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through which charge is conducted are often not well defined, and, 3) the resistance (or
conductance) of a battery electrode is difficult to deconvolute from the total impedance using
an equivalent circuit model that may contain multiple circuit elements including capacitors,
ionic resistors, and other contributions. EIS does provide qualitative information on the
change in conductance of a battery material as a function of potential, lithiation state, and

during cycling. 139:149-153

138 we adapted the method of Sauvage et al.'%® to the in-situ measurement of o

Recently
for electrodeposited 9-Li,MnO, which demonstrated an increase in o by up to one order
of magnitude upon lithiation to x = 1. This approach is made possible by performing the
conductivity measurement on an array of nanoribbons (NRs) instead of a film.'*® Nanorib-
bons of 6-MnO, with controllable dimensions (height x width x length) were patterned!®
on glass using lithographically patterned nanoribbon electrodeposition (LPNE)!*4156 which
provides for the removal of the electrode in the last step of the process. Here this method
is used for the in-situ measurement of o for Li,NboOs as a function of lithiation poten-

tial. Electrophoretic deposition (EPD) instead of conventional electrodeposition is used to

prepare the NbyOs nanoribbons. 12

4.2 Experimental Methods

4.2.1 Chemicals and Materials

Niobium pentachloride (NbCls, 99%), ferrocene (98%), hydrogen peroxide solution (H5O,,
30% (w/w) in HyO), and lithium perchlorate (LiClOy4, battery grade, dry, 99.99% trace
metal basis) were all used as received from Sigma-Aldrich. Propylene carbonate (99.95%)
was received from Fischer Scientific then degassed and dried on 4 A molecular sieves. Iso-

propyl alcohol, acetone, and methanol (ACS certified grade) were used as received from
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Fisher Scientific. Nitric acid (70.0%) was received from VWR. Fused quartz microscope
slides were cleaned using Nochromix, both received from VWR. Positive photoresist (PR)
(Shipley S1808), negative PR (SU-8 2002), and respective developers (Shipley MF-319, SU-8
Developer) were purchased from Kayaku Advanced Materials. Nickel, chromium, and gold
pellets for physical vapor deposition were purchased from Ted Pella. Commercial gold plating
solution was obtained from Clean Earth Solutions. Millipore water (Milli-Q, p>18 MQ-cm)

was used for all aqueous solutions.

4.2.2 Nanoribbon Fabrication

A niobium oxide plating solution was prepared as previously described from a modification of
the method by Zhitomirsky. %21 A 0.005 M NbO, colloidal plating solution was prepared
by rapid, cold injection of 67.5 mg of NbCl; dissolved in 2 mL. methanol into 48 mL of 0.05
M H,0, at <2°C. After 3 hours of aging, the solution was used for electrophoretic deposition

(EPD) of NbyO5 NRs.

NRs were fabricated using an adapted method of LPNE (Figure 4.1). 138155156 Quartz slides
(1"x1”) were cleaned with Nochromix, and a 60 nm layer of nickel was deposited onto the
clean, quartz slides using physical vapor deposition (PVD) (Figure 4.1a, step 1). Positive
PR (Shipley 1808) was spincoated (2500 rpm, 80 s) onto the Ni coated slides and soft baked
in an oven at 90°C for 30 minutes (Figure 4.1a, step 2). The PR was patterned with a
contact mask using UV light (Newport, 83210i-line, 365 nm, 2.80 s) and developed (MF-319,
35 s) to reveal a pattern of 200 bands (2 cm x 4 pm) with a 4 pm pitch (Figure 4.1a, step
3). Exposed Ni was etched in 0.08 M nitric acid for 9 minutes to produce a deep undercut
and a Ni edge in the undercut (Figure 4.1a, step 4). The patterned Ni film was contacted
as a working electrode versus a Pt foil electrode. A two electrode electrochemical cell was

used to EPD NbO,, colloids in the Ni undercut under a -2 V bias for 500 s (Figure 4.1b).
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The remaining PR was removed with an acetone/IPA /water rinse and the remaining Ni was
removed with 0.08 M nitric acid to reveal bare amorphous niobium oxide NRs on quartz
(Figure 4.1a, step 5). The NRs were annealed in a tube furnace at 600°C in air for 8 hrs
to achieve T-NbyO5 (Figure 4.1a, step 6). After annealing, positive PR was spincoated and
pattered with the negative of the 10 ym contact pattern (Figure 4.1a, step 7). An 80 nm
layer of gold with a 4 nm adhesion layer of chromium were deposited with PVD (Figure 4.1a,
step 8) and the PR was lifted off using acetone to reveal the gold contacts (Figure 4.1a, step
9). Devices were spincoated with negative PR (SU-8 2002)(500 rpm, 10 s; 4000 rpm, 60 s) to
insulate the gold contacts (Figure 4.1a, step 10), and an approximately 9 ym contact mask
was used to photopattern and expose only the NRs (Figure 4.1a, step 11). The PR was then
hard-baked on a hot plate at 150°C for 20 mins. Prior to measurements, nanoribbon devices

were cleaned using O, plasma for 5 minutes.

For x-ray diffraction, the above fabrication procedure was modified to produce samples of
6000 T-NbyO5 NRs and samples of core-shell Au@QNb,Os nanowires. For bare T-NbyOs NRs,
a 6000 NR array photolithography pattern was used instead of a 200 NR array pattern (Figure
4.1a, step 3). For core-shell Au@NbyO5 nanowires, gold nanowires were first deposited at
-0.9 V vs. SCE in the Ni undercut using a commercial gold plating solution as described
in previous work.?>” PR and Ni in the middle of the device was removed to reveal gold
nanowires contacted by Ni on each end. The exposed Au nanowires were then coated with
niobium oxide colloids using the EPD method with a 200 s deposition at -2 V in two electrode
mode. After removal of all PR and nickel, the bare core-shell nanowires were annealed. After

annealing, no additional processing was performed on XRD samples.
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Figure 4.1: Lithographically Patterned Nanoribbon Electrodeposition (LPNE). a. Flow
diagram outlining the lithography steps: (1) 60 nm of Ni is evaporated onto cleaned quartz.
(2) Positive PR is spincoated on top of the Ni. (3) The PR is photopatterned with a mask
of 200 2 cm x 4 pm rectangles using UV light and then developed. (4) Exposed Ni is over
etched using 0.08 M nitric acid. (5) NbyOs5 colloids are electrophoretically deposited into the
trench as depicted in b and PR and Ni is removed. (6) Amorphous NbyO; NRs are annealed
at 600°C in air to the orthorhombic crystal structure. (7) Positive PR is used to protect
desired nanoribbon area during (8) evaporation of 4 nm of chromium + 80 nm of gold so
that (9) lift-off can be used to apply contacts to the ends of the ribbons. (10) Negative PR
is used to insulate the gold contacts and (11) patterned to expose the desired area of NRs
and contact points.
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4.2.3 Electrochemical Methods

Electrochemical measurements were performed in a nitrogen atmosphere dry box using
a Gamry Series G 300 potentiostat. Three steps were performed to collect conductance
data: (1) cyclic voltammetry (CV) of T-NbyO5 NRs, (2) lithiation at fixed potential using
chronoamperometry (CA), and (3) conductance measurement using I-V curves. All measure-
ments were performed in 1 M lithium perchlorate (LiClOy4) in propylene carbonate (PC).
CVs and lithiation CA curves were measured versus a Pt wire quasireference electrode (QRE)
with a glossy carbon rod (2 mm diameter) counter electrode (Figure 4.2b). Potentials were
converted to versus Li/Li" using ferrocene/ferrocenium calibration of the Pt QRE.!%:1%8
CVs of NRs were collected over 1.04 V to 2.84 V vs Li/Li* at 1 and 10 mV/s. CAs were
collected at regular potential intervals for 150 s. Conductance measurement were collected
through the NRs by assigning one contact as the working electrode and the other contact as
the counter /reference electrode (Figure 4.2¢). IV curves were collected over a 10 mV window
at 0.2 mV/s for 3 cycles. CAs and conductance I-V measurements were repeated for several

de/lithiation potentials.
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Figure 4.2: Electrochemical Set-Up for Conductivity Measurements. (a) Representative
diagram of the nanoribbon devices. Hundreds of NRs are contacted across 10 pum with
gold and the contacts are insulated with PR. (b) Electrochemical configuration for cyclic
voltammetry and chronoamperometry equilibration. Both ends of the wires are contacted
as the working electrode, a glossy carbon rod is used as a counter electrode, and a Pt wire is
used as a quasireference. The electrodes are submerged in propylene carbonate containing
1.0 M LiClOy. (c¢) To measure conductivity through the wires with I-V curves, the counter
and reference are disconnected and the device contacts are connected as a positive (working)
and negative (counter/reference) electrode.

4.2.4 Structural Characterization

Scanning electron micrographs (SEMs) and energy dispersive x-ray spectroscopy (EDS) were
acquired using a FEI Magellan 400 XHR system equipped with an Oxford Instruments EDS
detector (80 mm?, AZtec software). Before imaging, samples were sputter-coated with ~5
nm of iridium. Accelerating voltages of incident electron beams ranged from 15 kV to 30
kV and probe currents ranged from 0.4 nA to 6.4 nA. All SEM specimens were mounted on

stainless stubs and held by carbon tape.

Atomic force microscopy (AFM) data was collected using an Asylum Research, MFP-3D
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AFM equipped with Olympus, AC160TS tips in a laboratory air ambient.

Grazing incidence x-ray diffraction (GIXRD) patterns were collected using a Rigaku Smart-
lab X-ray diffractometer in parallel beam geometry with a fixed incident angle of 0.3°. The

Cu Ka x-ray generator was operated at 40 kV and 44 mA.

4.3 Results and Data

4.3.1 Prior measurements and calculations of Li,Nb,O5 conduc-

tivity.

The conductivity of NboO5 has been proposed to change as the material is lithiated. The
model pseudocapacitive material RuOs is very conductive yet NbyOgs, which is very insulat-
ing with bulk conductivity of ~3.3 x 107° S/cm, can reach similar lithium energy storage
capacities. This raises the question of changes in conductivity during lithiation.®2% What
is already known about the electrical conductivity of Li,NbyOs? NbyOs5 (x = 0) is a d°
transition metal oxide with a band gap, E,, of 3.7 €V (measured by UPS)' or 3.2 - 4.0
eV (measured optically) or 2.0 - 4.0 eV (calculated). 12 Low values of E, within this
range are attributed to systematic underestimation of band-gaps by density functional theory
(DFT) calculations employing functionals of the generalized gradient approximation (GGA)
type. 79160 Recent DFT calculations using the HSE06 functional '%2 produce higher estimates
of B, (indirect) = 4.05 eV for the orthorhombic polymorph. Based upon these more accu-
rate calculations, NbyOj5 is expected to be an insulator. DFT further predicts!%*1%° that the
reduction of Nb centers from +5 to +4 with lithiation causes n-doping as half-filled Nb-4g
states at the conduction band edge are filled and their energy shifts lower. This reduction
is predicted by DFT to produce a metallic lithiated state. While DFT calculations do not

predict numerical values for the conductivity, these calculations predict that the electrical
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conductivity will increase dramatically with lithiation as insulating NbyOsy is converted into

metallic Li,NbyOj5. 1597162

In-situ measurements of o for Li, NbyO5 have not been reported previously to our knowledge.
However, some ez-situ data are the following. Direct measurement of ¢ for bulk NbyOs
samples yields 3.3 x 107° S/cm.'?° Tt’s been proposed that electrons in Nb** ions are more
mobile than those in Nb®* ions, so as the material is reduced at negative potentials, the
material becomes more conductive.® Reduction of NbyO5 to produce oxygen vacancies and
a stoichiometry of NbyO,4 g produces metallic material with a conductivity at least 5 orders of
magnitude higher than NbyOs.12° These data are not specific to the orthorhombic polymorph.
Numerical data for o have also been reported for the monoclinic polymorph, H-NbyOg5 which
has 0 = 3 x 107% S/cm whereas reduction to NbyOyg7g increases o to 3 x 10° S/cm - or
nine orders of magnitude. %3 Several prior experiments also provide evidence that the o of
Li,NbyO5 increases with lithiation without providing numerical measurements of its value.
EIS measurements before and after lithiation were able to observe a three order of magnitude
increase in conductivity in lithiated 7-NbyOs versus pristine 7-NbyO5.% "Li NMR data!'®
for Li,NbyO5 with x = 0.44 and 1.86 is interpreted in terms of an increase in ¢ with x.

4

In investigations of the electrochromism of NbyOs films!®* associated with the lithiation

process, the kinetics and reversibility of the color change has been observed to be enhanced

for lithiated films. 164

4.3.2 Nanoribbon Electrophoretic Deposition

Like the EPD thin films studied in previous work,'>1% the EPD NRs have incredibly repro-
ducible electrochemistry that strong resemble the patterns seen in the thin films (Figure 4.3).
In comparing the cyclic voltammetry of the NbyO5 colloidal solution using FTO as the work-

ing electrode (Figure 4.3a) versus the LPNE processed Ni (Figure 4.3b), few differences are
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seen, especially after the first scan once the surface has been stabilized. Most notably, both
CVs exhibit a large decrease in current after ~-1 V. Naturally, the magnitude of currents
observed for the NRs is much smaller than that of the thin films due to the much smaller
exposed conductive surface area of the LPNE Ni edges. Although the conductive surfaces
used for EPD is very different, the overall interactions between the colloidal solution and the
working electrode are very similar, so the NRs can be good models for the thin films. One
difference to keep in mind is the filtering effect of the LPNE trenches. Previous work showed
a strong distribution of 30 nm and 1000 nm colloids in the plating solution.'? While the thin
film can accept colloids of any size, the NRs are only composed of the colloids less than 60
nm in diameter, or the height of the trench. Thus, while the thin films have a signature

pebbly texture, the NRs will have a smoother texture.

In chronoamperograms of EPD deposition, the same relatively flat current profile is seen
between the thin film EPD and the nanoribbon EPD, with the only difference being the
magnitude of the current, understandably due to the the differences in surface area (Figure
4.3c). Moreover, the current profiles for EPD NRs for varying depositions times: 50 s, 100 s,
and 500 s, are very reproducible. When NRs width for each deposition time is measured with
SEM and plotted versus time, there is almost a linear relationship between the nanoribbon
width and the deposition time (Figure 4.3d). The average widths of the NRs were 110 nm,
180 nm, and 600 nm for 50 s, 100 s, and 500 s respectively. At longer deposition times, it
seems the relationship begins to deviate from linearity, possibly due to the low conductivity of
the NRs impeding further depositions as the NRs get wider. For conductivity measurements,

500 s was used as the deposition time as it produced the most stable NRs.
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Figure 4.3: T-NbyO; Nanoribbon Electrophoretic Deposition. Cyclic voltammograms of
Nb2Oj; colloid solution with respect to (a) a 0.6 x 0.6 cm square FTO as the electrode
vs. (b) LPNE Ni edges as the electrode. (c¢) Comparison of chronoamperometry profiles of
thin film deposition for 500 s and NR depositions for 50 s, 100 s, and 500 s. (d) Average
nanoribbon width with error measured from SEM images as a function of deposition time,
50 s (blue), 100 s (green), and 500 s (red). Low error bars for 50 s and 100 s are included
but are not visible.

4.3.3 Confirmation of Orthorhombic Phase

The importance of the crystal structure of NbyO5 with respect to lithium insertion has been

extensively studied. While NbyO5 can take on several crystal structures, the most efficient
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81113 Ag the lithium dynamics are strongly

for lithium storage is the orthorhombic structure.
dependent on the crystal structure, it is crucial to ensure the NRs are in the orthorhombic
phase. To confirm the crystal structure of the niobium oxide NRs, grazing incidence XRD
(GIXRD) was performed on the bare NRs. Due to the small dimensions of the wires (20 nm
x 600 nm), the signal intensity was low and reflections greater than 40 degrees are lost in
the noise. Still, the reflections observed were representative of T-NbyOj (Figure 4.4, red).
In order to observe a higher diffraction intensity, Au@NbyOj5 core-shell nanowires were also
fabricated via a similar method to the NRs. Gold was electrodeposited into the LPNE Ni
undercut and then partially exposed by removing PR and Ni. EPD was performed to coat
the exposed gold nanowires with the NbyO5 colloids and the wires were annealed at 600°C in
air. The resulting gold core was approximately 40 nm x 200 nm x 2 ¢cm and the NbyOs5 shell
was approximately hemispherical and 150 nm thick. Here, the presence of characteristic

T-NbyOj5 is more defined and confirms fabrication of the orthorhombic crystal structure

(Figure 4.4, green).
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Figure 4.4: X-ray Diffraction of NbyO5 NRs (red) and core-shell Au@NbyO; nanowires
(green). Orthorhombic NboOj reflections are shown in blue according to JCPDS 30-0873.
Gold reflections are marked with a star and correspond to JCPDS 01-1172. Both data have
had background subtracted.

4.3.4 Cyclic Voltammetry

In order to compare cyclic voltammetry performed in this work to literature, the studied
potentials had to be converted to reference the Li/Li™ redox couple. A small amount of
ferrocene powder was added to the 1 M LiClO,/PC solution and the redox electrochemistry
was measured with a gold working electrode, glossy carbon rod counter, and Pt wire QRE
(Figure 4.5a, inset). The E,/, for ferrocene versus the Pt QRE was compared to that of
ferrocene in a similar high concentration Li salt in carbonate solvent solution and used to

calibrate the potentials. 119158
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Before lithiation and conductance measurements are taken, CVs at differing scan rates must
be collected to confirm the proper lithiation profile of the T-NbyOs NRs. Characteristic
T-NbyOj lithium electrochemistry is defined by the presence of two broad lithiation peak
between 1.2 V and 2.2 V and a broad delithiation peak between 1.5 V and 1.8 V at 10
mV /s, all referenced versus the Li/Li* redox couple .®! Our previous work with EPD films
showed similar electrochemistry with a broad lithiation peak centered around 2.0 V and a
broad delithiation peak centered around 2.3 V for a 5 mV/s scan rate.'? Several factors can
interfere with the NbyOj electrochemistry in samples of this scale and are easily identified

in this first CV step.

Improper insulation of the gold contacts is the main source of interfering electrochemistry.
On a control sample of exposed gold contacts, signature gold/lithium electrochemistry can
be identified in comparison to the work by Moshkovich et al. (Figure 4.5a).'% Identification
of gold exposure can be seen at 0 V and 0.5 V were bulk Li deposition is seen marked
by sharp deposition and stripping waves. Additionally, Li underpotential deposition waves
can be identified at approximately 0.5 V and 1.0 V. While these peaks are outside of the
lithiation potential window for niobium oxide, they can be used to identify interfering gold
electrochemistry and confirm calibration of the Pt QRE. To confirm that the gold contacts
could be sufficiently insulated with SU-8 PR, a control of just covered gold contacts with no
NbyOs NRs was studied (Figure 4.5b, red). The CV shows low current in the pA range which
notes that the gold contacts are fully insulated and do not contribute to the electrochemistry

of the device.

Other notable interfering waves are attributed to water and oxygen contamination in the
electrolyte solution, but these peaks can also be seen when gold is insulated due to their
reaction with NboOjs. The interference of oxygen is particularly insidious since an oxygen
reduction wave centered within 1.8 - 2.2 V can be mistaken for a lithiation wave which is

typically seen between 1.2 - 2.2 V. At 1 mV /s, these waves can be deconvoluted as an oxygen
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Figure 4.5: Cyclic Voltammetry of T-NbyOs NRs. (a) Cyclic voltammogram of a control
sample of exposed gold contacts with no NRs. Expanded window is shown to locate possible
interfering gold electrochemistry. Potentials have been converted to a lithium reference
electrode using ferrocene as shown in the inset. (b) Cyclic voltammetry of T-NbyO5 NRs
at 10 mV /s (green) and 1 mV/s (blue). The presence of reversible electrochemistry at both
scan rates shows little interference from water or oxygen. CVs of a control with no NRs
and insulated gold contacts at 10 mV/s in red shows the insulated contacts add negligible
current. (c) Electrochemistry of NRs before (light green) and after (dark green) conductivity
experiments indicates little degradation of the NRs during conductivity measurements.

reduction wave will be grossly irreversible as this slow scan rate.

When the contacts are properly insulated and the electrolyte solution water/oxygen free,
CVs similar to those of literature and previous T-NbyOs; EPD thin films at low scan rates
are observed (Figure 4.5b, blue and green).'? One interesting feature of the NbyOj elec-
trochemistry is the size of the capacitive envelope before and after lithiation. This is both
seen in literature and is especially noticeably in the 1 mV /s CV of the NboO5 NRs (Figure
4.5b, blue). At potentials greater than 2.2 V, the capacitive envelope is very narrow but at
potentials less than 1.5 - 1.8 V, the capacitive envelope is significantly greater. This hints
at a increase in conductivity in NbyO5 which allows for more capacitive contributions to the
current. CVs were also compared before and after a full set of conductivity measurements
(Figure 4.5¢). Little change in the CVs notes that no significant degradation occurred during

the measurements that could have contributed to the measured conductivity values.
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4.3.5 Determination of Conductivity as a Function of Potential

Conductivity of the material can be calculated by treating each individual wire as a resistor.

From the I-V curves, the slope gives the conductance, G = % = é, from Ohm’s Law,
V = IR. Using the relationship between resistance, R, and resistivity, p, an equation can

be derived for conductivity, o, as a function of the conductance, G:

U:G*% (4.1)

where [ is the length of the wire and A is the cross-sectional area of the ribbon, w x h. The
conductivity of the device is directly related to the slope. There are N NRs in a device which
can be treated resistors in parallel to extract the resistance through each ribbon, R;, from

the total measured resistance, Ry.
— =5 +5+ttm=Nx— (4.2)

Using the inverse relationship between R and G, the total conductance measured, G, can

be related to the conductance of a single ribbon, Gj,

and used to calculate the conductivity of a single ribbon, o;:

l

_Gr 1
7T N A

(4.4)

Upon SEM examination of the device, 191 of the originally 200 nanowires were active in the
measurements and this was taken into consideration in the calculations. SEM is also used

to measure the length of exposed nanoribbon and the width to calculate the cross-sectional
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Figure 4.6: SEM, EDS, and AFM Measurements of T-NbyO; Nanoribbon Dimensions. (a)
SEM image of the device displaying several NRs and the PR covered contacts. The average
exposed length of NRs is 9.1 & 0.2 ym. (b) EDS images of (a) highlighting niobium L,; and
oxygen K, confirming the presence of NbyO5 and carbon K,; and gold L,; highlighting the
PR covered gold contacts. (¢) SEM image of a single nanoribbon from a 500 s deposition.
The average width is 600 + 90 nm. (d) AFM heat map and line scan of several NbyO5 NRs.
The average height is 50 £ 2 nm.
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area of the ribbon. On average, 9.1 £ 0.2 um of wire are exposed (Figure 4.6a). Due to
the thickness of the SU-8 insulating layer, it is difficult to distinguish the gold contacts and
the PR in SEM images. EDS of carbon and gold can be used to see that the SU-8 covers
the gold contacts very well and extends very minimally past the gold to expose as much
length of the nanowires as possible (Figure 4.6b). Additionally, EDS of niobium and oxygen
clearly highlights the observed nanoribbons confirming an absence of impurities in the NRs.
At higher magnification, the NRs are measured to be 600 £+ 90 nm wide on average (Figure
4.6a,c). The height of the NRs is limited by the 60 nm thickness of the sacrificial nickel layer
in the fabrication procedure. This can be measured accurately with AFM which shows an

average nanoribbon height of 50 + 2 nm (Figure 4.6d).

Chronoamperometry was used to lithiate the NRs. Starting at a delithiated potential (2.84
V), the potential was increase incrementally by 0.2 V until the most lithiated potential was
reached (1.24 V) (Figure 4.7a). Potentials beyond that range were explored but were not
included due to potential reduction of niobium to the +3 oxidation state below 1.24 V and
increasing anodic current above 2.84 V that strayed from literature behavior. Regardless,
the range of potentials chose included a fully delithiated state, a fully lithiated state, and
several intermediate lithiation states. For each potential, the NRs were held at the fixed
potential for 150 s to reach equilibration, apparent by the negligible current by 150 s (Figure
4.7a).

Immediately after each lithiation, the contacts were arranged to two electrode mode where
one gold contact was the working electrode and the other was the counter /reference electrode.
[-V curves were measured across a 10 mV window at 0.2 mV /s. The results resembled resistor
[-V curves with the slope corresponding to the conductance (Figure 4.7b). As the NRs were
equilibrated to increasingly more lithiated potentials, the slope of the I-V curves increased
incrementally. The same phenomenon was observed up delithiation where the slopes of the

[-V curves decreased incrementally. After each conductance measurement, the contacts were
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returned to three electrode mode to equilibrate at the next potential in the sequence. Using
the dimensions of the NRs, the conductance values were converted to conductivity values by

Equation 4.4.
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Figure 4.7: Equilibration and Conductivity Measurements of T-NbyO5. (a) Equilibration
current profiles at various potentials. Current is shown be negligible by 150 s. (b) Current-
voltage (I-V) plots of the NRs after lithiation at the potentials shown in (a). (c & d)
Conductivity calculated from the dimensions of the wires and the conductance measured
from the slopes in (b) (logarithmic & linear scale) plotted as a function of lithiation. An
increase in conductivity is seen as lithium is inserted (red) into the NRs that is reversible
upon delithiation (blue).

When the conductivity of the NRs is plotted as a function of the lithiation potential, there is
a 3.3 order of magnitude difference between the NRs in the lithiated versus delithiated state
(Figure 4.7¢). This corresponds well with previous research suggesting that the conductivity
of NbyOj5 increases by 3-4 orders of magnitude with lithiation.® A sharp increase in the con-
ductivity can be seen between 2.04 V and 1.44 V which corresponds to the lithiation wave at

the slower scan rates indicating that the lithium is responsible for the increase in conductiv-
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ity (Figure 4.7d). Conversely, the conductivity decreases drastically between 1.04 - 2.04 V,
which encapsulates the delithiation peak, supporting this hypothesis. The reversibility of the
lithiation and delithiation is also incredibly reproducible with the delithiation conductivity

at each potential returning to almost the same value as the lithiation conductivity.

4.4 Conclusions

The LPNE technique for fabricating nanoribbons on sacrificial conductive edges was explored
with EPD of Nby,O5. This was shown to have comparable deposition characteristics as thin
film EPD, allowing for direct comparison of behaviors observed in NRs to those of the
thin films. Mainly, this fabrication technique allowed for an in-situ investigation into the
conductivity of electrodeposited TMOs as a function of lithium insertion. LPNE was used
to fabricate an array of 200 NRs with controllable dimensions contacted across two gold
contacts. Lithium intercalation was conducted by using both contacts as a working electrode
and then I-V curves were measured by using one contact as the working electrode and the
other as the counter /reference electrode to determine conductivity through the wire. Starting
at T-NbyOj in the fully delithiated state, the conductivity of 7.3 x 107% S/cm experienced
an increase of 3.3 orders of magnitude to 0.015 S/cm upon full lithiation. The greatest
change in conductivity was observed at the potentials corresponding to lithium insertion
and deinsertion in the CVs supporting the hypothesis that the lithium strongly changes the

conductivity of T-NbyOs.
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