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Batteries play a pivotal role in the legarbon society that is required to thwart the effects
of climate change. Alternativewscarbon energy sources, such as wind and solar, are often
intermittent and unreliable. Batterieare able capture their energy and deliver it later when it is
needed. The implementation of battery systems in deidel and transportation sectors is

essental for efficient use of alternative energy sources.

Scientists and engineers need better tools to analyze and measure the perfoeman

characteristics of batterie©ne of the main hindrances in the progress of battery research is



that the constituent elettode materials are inaccessible once an electrochemical cell is

constructed. This leaves the researcher with a limited number of available feedback mechanisms

G2 aasSaa GKS OStfQa LISNF2N)YI yhess data@refinieih O dzNNE y
their ability to reveal the mordocalized smallescale structural mechanisms on which the

batteries'performance is so dependent.

Energydispersive xay diffraction (EDXRD) is one of the few techniques that can internally
probe a sealed battery. Byialyzing the structural behavior of battery electrodes, one is able to
JFAY AYyaArdIKEd (2 GKS LIKeaAOlFf LINRPLISNIASE 2y 6KA
dissertation, EDXRD with ultrahigh energy synchrotron radiation is used to probe th®edes
of manufacturedprimary and secondary lithium batteries undarsitu andoperando

conditions.Thetechniqueis then appliedo solve specific challenges facing lithium ion batteries.

Diffraction spectra are collected from within a battery at 4@raimeter resolution. Peak
fitting is used to quantitatively estimate the abundance of lithiated and-lithiated phases.
Through mapping the distribution of phases within, structural changes are linked to the
oF GGSNEQa 3 f JI-gimedsiomSpatlalayalysss of lithiumirén\iRoSphate
batteries suggests that evolution of inhomogeneity is linked to the particle connectivity. Despite
a nonlinear local response, the average of the measured ensemble behaves linearly. The results

suggest that ihomogeneity can be difficult to measure and highlights the power of the EDXRD

technique.Additional applications of EDXRD are discussed.
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1. Introduction

1.1 Motivation

As the world population continues to grow beyond 7 billion, the demand for ergeayys
as well. Fossil fuels have supplied most of humanity's energy up farésent butthey are
finite and will eventually diminisilhe combustion offossil fuels also carries a large
environmentalcostby accelerating climate change and negatively impacting the areas where
they are develope@nd used The need for renewable drclean energy sources is paramount
for sustaining future generations. Recently, much progress has been made in the development
and implementation of renewable energy technologies such as wind turbines, geothermal and
photovoltaics. Still, these technolagiare costlynoncompetitive andare only as effective as

our ability to store the energy that is generated from them.

Not only are clean and renewable energy sources needed but safe and efficient methods of
energy storage are equally as important. Eaergy generated from wind and sojahere is a
large time mismatch between supply and demand. When the sun is shining, there is available
solar energy but the demand for lighting is usually when the sun has already set. In the case of
wind, the energy geerated from wind is highly dependent on weather patterns and often times
the electrical grid isn't capable of managing those large fluctuations of power. When energy
from wind and solar is eted in an energy storage devidben these sources are bettable to

replace applications where fossil fuels dominate.

Batteries are one of the most important energy storage devices. A battery consists of at
least one electrochemical cell where these cells, simply put, are portable chewsclbon
chambers Cellgprovide a supply of electrons by way of an electrochemical reaetmhare

comprised of two electrodes, positive and negative, a separator, and electrdhge.



performance characteristics of a cell are dependent on the selection of materials usedidto bui

them.

Lithium ion batteries play an important role in today's society. In a litAmcell, lithium
ions travel from one electrode to another and create a usable electrical current. During this
process, the electrode materials accommodate lithiunsiamto a host structure by a process
known as intercalation. Since lithium ion batteries (LIB) were commercialized in 1991 by Sony
Corporation, the technology has enabled high energy density batteries at low costs enabling a
portable eletronics revolutio. In 2010, 6% of the ppulation owned a mobile phon¢l]
Today, even more people around the world rely on LIBs to power their cell phones, laptops and
other portable electronic devices. Recently, engineers are starting to use LIBs in vehicles, power
tools, and other larger devices. However, as ubiquitous as LIBs have become they still aren't

without issuesLIBs havémited lifetimes, performance characteristics, and safety issi#s.

Much theory and experimentation has gone in to the development®$ Lenabling better
electrodematerials, processing and constructiorethods but there are still many challenges
that lie ahead. One main hindrance in the development of better batteries is that once a battery
is manufactured the reaction that is takiptace is hidden and buried. Traditionally, the only
feedback mechanism to a cells performance is the voltage between its two terniifetisods
such as impedance spectroscopy have allowed more information to be collected from cells but
impedance and currdnvoltage curves are still only measurementghe entire battery or cell.
[3] These methods are limited in their ability to measure smadtzle mechanisms on which the

batteries' performance is so dependent

The limitations of traditional characterizah techniques require engineers and scientists to

develop better tools and methods for understanding how these materials behave in battery



systems. Recently, much progress has been made in the areamitd mhffraction; that is to

collect diffraction p&erns while a battery or reaction is in action. For lithiimsertion battery
chemistry such as lithium iron phosphate, scientists have done in situ experiments by building
specialized reaction chambers and forcing the reaction. In other cases specid®@batteries

are made where the packaging contains a Beryllium window-fays to penetrate. While the
data collected from these experiments are useful, they still fail to reveal the entire picture.
Most of the time, the design of the batteries, celts reaction chambers are far from their

natural design under normal operation. Furthermore, the size and resulting capacity of these

specially designed cells are far from what will be manufactured and sold for everyday use.

There is a large disconnea@tween the research characterization methods for batteries in
the laboratory from what is manufactured for everyday use. Batteries created in the laboratory
for studies are usually built with geometry specific to the study that is being performed. Also,
they are usually very small in capacity and are able to be cycled quickly with low current. For
batteries designed for everyday use, their geometry is determined by the most efficient
manufacturing process and their capacities can be multiple orders of toagriarger. These
major differences create a challenging gap for the scientists developing new batteries and the

engineers manufacturing them for reaforld applications.

1.2Literature Review
In battery researchin-situ experimentation has proven to be aluable method for

understanding underlying reaction mechanisms. The Latintersituft A G SNJ t € @ G NI yaft I
LJ2 & A éndl, yhé context of electrochemistry, refers to an experiment which is performed
while the electrochemical reaction is takingpé. Diffraction using-rays, and sometimes

neutrons, has been a preferred method forditu experimentation because of its ability to



provide data on structural changes they occurn-situ diffraction experiments on batteries

date back as far as 1982d continue to advance the field of battery research toddyl1]

Proudly, some of the first igitu diffraction experiments on lithium ion batteries were
carried out by Rutgers research faculty in 1996. Then, Glenn AmatucecMag@nTarascon,
and Lsa Klein were able to isolate, for the fitgne, a new phase in the, JdoQ solid solution by
constructing a cell that would allow for the penetrationXfays.[6] Later, in 2002, M.
Morcrette, along with others, publishettie details oftheir cellwhich usedBellcore's plastic
laminate electrodesWith their cell they were able to screen new materials including different
phosphatebased electrodes. Further advances in{8ywackaging materiaéad
instrumentation mainly synchrotron radiation, havd@led for a stronger understanding of the

structural ewlution of electrode materials. [9]

Recently, much lithium battery research has focused on the lithium iron phosphate (LFP)
material for use as a positive electrode material in rechargeable lithiumbatteries. This
cathode material is of great interest due to its advantages over-nbiguitous cobalt oxide
materials which include low rawaterials cost, environmental friendliness, long cycle lifetime,
and thermal stability[12,13]Such characterists make it the most desirable cathode material
for use in electric and hybridlectric vehicle applications. There have been quite a fesitin
diffraction studies on the LFPio Chul Shiet al. studied Cr doping in carbon coated lithium iron
phosphate ells using both conventional and synchrotreray diffraction. Shin's cells were
specially designed for4situ experimentation using a hole forray transmssion and Kapton
windows. [10] Xiadian Wanget al., in order to study the delithiation of litbm iron phosphate,
configured a irsitu XRD chemical reaction chamber and forced the delithiation process
chemically. Their study used angular synchrotreaydiffraction covering a range of abals°®

collecting diffraction patterns every minutg/,8]



Energy dispersivepay diffraction is well suited fdn-situ experimentation due to its
inherent fast collection time compared to angular dispersivaydiffraction. [14] In fact, some
of the earliest experiments, dating back to the early 70s, viresgtu high-pressure studieg15]
Interestingly enough, EDXRD was used to studgtieenicalintercalation of lithium salts in
Gibbsite in 1999 but not until 2010 was EDXRD used to study angoelesical process.
Rijssenbeekt al. were able tomeasurethe reacting phases as a function of charge and
discharge cycles in prototype sodiumetalhalide cells. [16Psing EDXRD they were able to
achieve both space and time resolved diffraction patterns. With their data they were able to
show a reaction front vifin the cell moving from one electrode to the other. To their great
advantage, their experiment revealed intermediate phases which wegatively affecting the

O Ssfpérfarmance.

1.3Scope of Work

Scientists and engineers need better tools to analyze analsorethe performance
offers unique capabilities to probe batterigssitu and operandoconditions.This dissertation
explores the potential of using energlispersive xray diffraction to probecommercial lithium
ion batteries It then applies the technique to solve specific challenges facing lithium ion

batteries.

Chapter two contains a technical backgrowad justification of why EDXRD could be
applied to lihium ion batteries. Chapter threbased on a paper published in the Journal of
Power Sourcesaddresses the use of EDXRD in tradkingmogeneity in higkcapacity lithium
iron phosphate batteries. Chapter fqurased on a paper published in the JourrfaViaterials
Researchextends the work of chapter three by studying theynchronous stoichiometric

response in lithium iron phosphate batterigShapter five coversnpublisheddata collected



from batteries including lithium carbon monoflouride, lithiumamganese oxidegnd lithium
iron phosphate Chapter six includes a summary and future work. Additionally, appendix A
describes different computebased tools that are used in the data analysis process. Lastly,
Appendix B includes a paper which describe&EBXRD study, outside of the context of

batteries, on the anisotropic thermal expansion of zirconium diboride.
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2. Technical Background

2.1 Lithiumlon Batteries

A lithium ian battery is @ energy storage devioghichrelies on the high chemical potential
of lithium. In a typical intercalation lithium ion battetithium ions are transferred between
host electrodesn a reversible fashiarA schematic of a typical commerdighium ion battery is
given inFigure2.1. The positive electrode, also known as cathode, is a lithium oxide powder that
is deposited on a foil, typically made of aluminum. During discharge, the positive eledribde
site of the reduction process. Conversely, the negative electrode, also known as the anode, is
the site of oxidation process. A typical anodeamposed of carboanddeposited on a copper
foil. Between theanode and catbde is a micrgporous sepeator material and a noagueous
electrolyte. The role of the separator is to promote ionic transport while simultaneously

preventing electronic transport. The electrolyte serves as a conductive medium for both.

When the foils, more commonkhgferredto as current collectors, are connected through an
external resistive circuit, the electrochemical discharge process begins. Lithium ions diffuse
through the electrolyte and separator over to the cathode side. The assoaéetion in the
anode flows throughhe circuit to the cathode where it is used to maintain charge balance with
the lithium ion.When an external voltage is applied to the current collectors, the lithium ion
battery will charge. This process is essentially opposite to the discharge probhessathode is

undergoes an oxidation reaction and the lithium travels back to the andgle.



Wiring conveys power and
data from the protection
circuit 1o the device.

Positive: terminal Negative terminal

Protection circuit

Cathode on
aluminum

Anode on
copper foil

Separator

Foil pouch

[

38238 —.—
FOIL ;gggﬂ’—- =]

33888 -

30558

Cathode Anode

Current flows as lithium
@ Matal oxide ions move between
orpRsphtE  glgcimodes and elecirons
o Lithium ion move through an external
 m Graphite circuit. During charging,
they reverse course.

Figure2.1 Schematic of a typical lithium ion battefi3]

The following are the typical cathode, anode, anllifeactions for a lithium ion battery

0QO00 wd@XQ 0000 (cathode reduction reaction)

0B Wo Q (anode oxidation reaction)

0 Q60 0P 6 0 Q0 L (reversible redox reaction)

where MO is a metal oxide materidhe cathode metal oxide material is commonly a cobalt or
cobaltalloy oxide. Othecommoncathode materials are iron phosphate oranganese oxide

which are chosen for their ettrochemical characteristics.
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2.2 Diffraction Background

In asolid materialpne whereatoms are arranged in a three dimensional periodic graay
crystal latticeis formed The smallest divisible repeating unit in a crystal latiedefined as a
unit cell When the lattice extends beyond approximately 10 unit cells in any one dineéti

scattering phenomenon known as diffraction can occur.

When considering an-pay photon incident on an ideal crystal, the photon scattering event

is perfectly elastic. Thus, from the law of conservation of energy, the magnitude of the wave

vectors shald be equal:

Figure2.2 Two-dimensional representation of Ewald's Sphere

Two-dimensional represatation of the sphere of reflection in the reciprocal lattice. Here the
conservation of momentum is satisfied for any seplaines whose pointikl falls on the surface
of the spherd3]
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The scattering event is caused by an interaction between the phatoithe negative
charge from electrons in the lattice. For diffraction, it is convenient to consider the charge
density of the lattice. We can now consider the scattering event as an interaction between the

incident wave and a static plane wave of the &leg density. Given the law of conservation of

momentum, the momentum transfer from the incident wave to the lattiags given as:

providing a relationship between the incident, scattered, and lattice vectors and the
wavelength. Here, the lattice vector is given subscr@to notate the miller index by which
the diffraction event is ocauing. Figure2.2 provides a graphical, twdimensional

representation in reciprocal space of the geometrical conditiordffiraction. [3]

Figure2.3 shows the geometrical condition for diffractiom real spaceHere, the equation

is rearranged in to the commonly known Bragg's Law:
E_ ¢Q OEF
where¢ is integer number of atomic planesjs wavelength of incident bear® is inter

planar spacing aneHs the angle between the incident beam and the atomic pl§b
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Figure2.3 Bragg diffraction from a cubic crystal lattice

Bragg diffraction from a cubic crystal lattice where plane waves incident on a crystal lattice at
angle are partially reflected by successive parallel crystal planes of spacing. The segerpo
reflected waves interfere constructively if the Bragg condition is satisfigld.

2.3Synchrotron Radiation

In recent years,-xay techniques have benefited from the production of facilities that create
synchrotron radiation. Synchrotron radiation is ated when charged particles, usually
electrons or protons, are accelerated to almost the speed of light. As the charged particles are
rapidly accelerated, a large amount of energy is released in the form of phataranging
across a wide portion of thelectromagnetic spectrum. The facilities are usually built in
structure of a ring where there are many estitions for experimentation using different filters,

monochromators, or focusing optics.
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Figure2.4 Sample synchrotron spectra

The photon energy spectrum of beamline X17B1 at National Synchrotron Light Source at
Brookhaven National Laboratory where the wide range of energies (up to 200 keV) with very
high intensity was used for this study. A compariggth a similar beam line at Advanced
Photon Source at Argonne National Laboratory is provided.

As previously mentioned, the development of synchrotron facilities has been a boon for
analytical xray technigues. Synchrotron radiation covers a large rarigmergies and that
allows forsuperiordata acquisition. In the case of EDXRD, it enables the ability to probe many
different crystallographic planes at the same time, resulting in fast and rich data acquisition. The
X17B1 beam line at NSLS delivers phstwith energies up to 200 keV by the use stiper
conducting wiggler.7] The use ohigh-energy, sometimes referred to as hardiaysis
advantageous becaugbe xraysaren't absorbed well in a solid material and therefore allow for
deep penetration These properties of synchrotron radiation, coupled with overall high

intensities, allow for rich data collection and experimentation that was previously not possible.
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2.4EnergyDispersive Xay Diffraction
Energy dispersiveray diffraction (EDXRD) is amnay scattering technique that uses

polychromatic radiation at a fixed diffraction angle to satisfy the Bragg condition. For a

guantitative understanding of EDXRD, let us first consider the EirRlztk Equation
Q

o -

whereOis the energy of a photorQs Planck's constant andis the frequency. The frequency

can also be represented as
W

whereQis the speed of light andis the wavetngth of the photon. Combining the two prior

equationswe dbtain

(0]
which gives a convenient definition of the ener@yRemembering Bragg's Law

¢ _ CQOED

and combining with we obtain,

0P Www

and by recognizing that@® ¢® wA B/, we are left with
0O EA6 —
OEQ v
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which is the governing equation of EDXRD. Here, is the energy of the scattered photons
from lattice plane Igkl), measured in keV, arffd is the spacing of the atomic plane with the

Miller index bkl), measued inAngstroms It is important to note that the measured quantity

— is equivalent to the magnitude of the reciprocal lattice vecgyr, 8Becausehe
diffraction angle—is fixed, the2>— term is constant thus allowmEDXRD to measugg S
directly and with greaprecision

Beam
Slits Sample
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L |
y ’ E] Diffracted
Beam
Detector
Beam
Z Micro-positioning Slits
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Figure2.5 Schematic of the EDXRD apparatus used at the NSLS beamline X17B1

Schematic of the EDXRD apparatus used at the NSLS beamlideniEr8 a white xay beam

is generated using a supeonducting wiggler and shone into a sample as shown. The sample is

manipulated on a micrpositioning sample stage and the diffracted beam is recorded at a fixed
angleH

Figure 2.5s an illustratiorof the EDXRD apparatus at the National Synchrotron Light Source
beamline X17B1 where synchrotron radiation is utilized to supply photons with energies up to
200 keV. The broabdandwidth white'x-ray beam passes through tantalum collimating slits
before itreaches a stationary sample. By using the Laue transmission method, the diffracted x
rays pass through additional collimating slits and are then collected with a germanium detector

L2aAdGA2ySR G  FAESR +y3tSs wt
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Figure2.6 Geometry of gauge volume

The volume probed in an EDXRD experiment is referred to as the gauge volume (GV). The
dimensions of the gauge volume are determined by tieam slits lsown inFigure2.6. The
gauge volume is the shape oparallelepipedvhere the height and width are determined by
the incident beam slits. The length of the GV is determined geometrically by the following
formula
Ok OA—
where"Y and"Yare the slit openings in theyxplane perpendicular to theaxis [7]

Diffracted xrays are measured using a cryogenically cooled Germanium detector. The
detector stores the number of phototounts in to a multchannel analyzer with 8192
independent channels. For calibration, a relationship between channel number, energy, and
interplanar spacing is determined using a set of known standards wherertheflorescence

and diffraction peaks afach are used in the calibration.
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2.5The Apptation to Lithiurdon Batteries

Negative —— Positive Terminal

Terminal —

_—

Separator

Negative
Electrode

Laminated Film Casing Positive Electrode

Figure2.7 Typical construction of a lithiusion polymer cel[7]

When using EDXRD to measure lithium ion batteries, it is impiofitat consider the
mechanisms by which they are constructed. The mechanical construction of a typical-ibmum
polymer cell is shown iRigure 2.7 Here, each lithiuaon cell consists of a positive electrode,
separator, positive electrode, and etemlyte. The cell is constructed by a tape casting process
where the electrode powders are deposited on to current collectors and separators. The next
step is a stacking of all functional layers, a spiral winding process, and theniagsdsep to
flatten the layers[9] Once completed, what is left is a mtliyer electrochemical structure

housed in an aluminized polymer pouch filled with a +a@ueous electrolyte.
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In order to isolate the gauge volume solely in a single region of the cell to getrly cle
resolved signal, the cell should be transversely mounted in the bearRiigere2.8 shows how
the cell is oriented with respect to the incident and diffracted beam witerepresents the

diffraction vector in real space.

Figure2.8 Orientation of diffraction vectors

Simulation showing orientation of diffraction vectors in relation to the lithiiom battery. A
cutaway ofthe battery is shown to reveal layetrscture. Layers not to scale.

The transverse mounting of the cell is an important aspect for a number of reasons. First, it
allows for the gauge volume to sit solely in a single component of the cell, such assttieepor
negative electrode, allowing for a clear diffraction signal. Bhéghieved by the reducing tige
slit dimension to a small value. Then, the planar structure of the cell allows one to increase the
width of the gauge volume to havefavorablesignal to noise ratiowhat is left is a GV that is of
a flat planar geometry. This allows for excellent idarger resolution and reasonable topological

resolution.
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Figure2.9 Gauge volume positioningithin electrode layers

The use of a battery controller, or cycler, is also important for such EDXRD experiments. In
the experiments described in this thesis, and Arbin model BT2000 was used. The lead wires
were run in to the experimental hutch and clamped to the battery terminals as shown in

Figure

2.6Data Collection

There are three categoried data that can be collected in an EDXRD experiment. First is a
tomographic scan, where the total number of all scattered photons is plotted as a function of
position. Second, one can consider the diffraction spectra, itself, which contains crystallographic
information and is primarily used for phaaad strainanalysis. Lastly, by fitting a profile shape
function to specific reflection peaks, one can obtain infotigraon defects within the
diffracting crystals as well as the size of the reflecting domain. &atelgory as it pertains to

lithium ion bateries, will be covered below.

2.6.1 Tomographic Profile
A tomographic profile is obtained when one just considerstthtal scattered intensity

of photons. Since the incident photon beam contains a white spectrum, data is collected for all
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diffraction energies, allowing for we short collection times (onsecond). The advantage is that
as the beam passes through diffetgghases, the intensity of the beam changes as well. As a
result, it is a very effective way to quickly probe the internal structure of a cell. One can measure
with good accuracy the spaciagd repetition of the layerand thereby use EDXRD as a quick

andysis for quality control and failure analysis.

2.6.2 Diffraction Spectra

g
=

50 75 100 125 150 175
Energy (keV)

Figure2.10 Sample data from an EDXRD experiment

Sample data from an EDXRD experiment where #exis Energy and y axis is number of
photon counts. In this figure multiple spectra are shown in a waterfall pattern. Because
collection time is very short for EDXRD, multiple spectra are usually collected and are often a
function of time or position.

The diffraction spectra collected from &DXRD experiment contain a lot of useful
information. From the diffraction spectra one can retrieve crystallographic structural
information from each phase present within the diffraction volume. This is because a broad
range of energies are collected, anohsequently, a wide range of Bragg reflections are
observed. Furthermore, collection time for a typical spectra is abéutrinutes. Because of

the short time, it is easy to look at many diffraction spectra as a function of time, position, or
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other vaiables.Figure2.10 shows sample spectra as a function of position in a battery. After
each spectra was collected the specimen was moved such that the gauge volume was shifted
roughly40 micrometersHere you canee the changes in phases are qudistinct, providing

spatial phase mappingd his ability to provide structurakystallographic data from within a

sample is the reason wHyDXRs powerfulas a truan-situ measurement.

2.6.3 Peak Shape Analysis

Additional hformation can be extracted from the diffraction spectra by fitting a peak shape
formula to each peak. The process first involves isolating a peak, or set of peaks, from a
spectrum, removing the background, and fitting an analytical function using adgaates
method. The most common functions are Gaussian, Lorentzian, or RSmigowhich is a
convolution of the Gaussian and Lorentzian formulas. The advantage of using a quantitative
peak shape analysis is that we can get accurate values for the cheigit, area, and width
(FWHM) for each peak. This is especially useful when peaks are overlapping and convoluted. In

this study computer software was used to automate these quantitative peakdigimocess[10]
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Figure2.11 Screenshot from peaktting software fityk

Thefull-width-half-maximum FWHM) of each peak is of particular importance because the
broadening of a diffraction peak is generally caused by a small crystallite size, strains, and
faulting. However, there is also another contributor to peak broadening which is the
instrumentation itself. This must be measured and accounted for before considering any real
broadeningeffects. The equation beloghows the relationship between observéd |,

instrumental { ), and realf( ) broadening when using a @ssian profile shape function.

The guantity, is measured usindeamthanum hexaboride (LgBstandard provided by
National Institute of Staratds The powder standard is engineered to show no ““real"
broadening effects. As @sult, the FWHM of the LgPeaks are used to determine the

instrumental broaéning as a function of energy.
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The real broadening, , is then determined for a seff oeflections and its squaredalue is
plotted. A line can be fit and irg) the equation belowand the size and strain contributions can
be separated. This equation is

o G
GOE

)
N,
@)

wheref 'O isthe real broadening in energy, is the Scherrer constant, h is Planck's constant, ¢
is the speed of light, is the size of the coherergflecting domain—is thediffraction anglej is

the strain, or variation in-@pacing and Ethe energyf11]

From the line profile analysis described above, one can measure the cohefiemting
domain size and average miestrain within. Coupled with the spatial and temporal resolution

of the EDXRD technique, this information can be used to study phaseamauagion processes.
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3. Trackingnhomogeneity in higlsapacity lithium iron phosphate
batteries
3.1Preface
Thischapter is based oamanuscriptpublished in theJournal ofPower Sourcegl.Power
Saurces,275(2015 429-434). The full list of authors includ&¥illiam A. Paxton, Zhong Zhong,
and Thomas Tsakalakdghe role ofVilliam A. Paxtomwas to design and perform all

experiments, process and analyze all data, and prepare the manusargilimission

3.2Graphical Abstract

IN-SITU DIFFRACTION CONDITIONS |

§ulf
S :
[ | = 2HE:
L3t === I

'R} sT‘;‘!n! EE
..ﬁg——-e 7
a
1O s
i
i
i

7 -& :LL'__ = R
E . | INTERNAL PHASE MAPPING | A
Synchrotron / ‘ . '
White Beam / i i
| w . f - ': ® e, \
&Ry L. H i | :,. | |
LY
. A U | SPATIAL TRACKING OF INHOMOGENEITY |
3.3Highlights

1 In-situandoperandoprofiling of a reaworld 8 Ah lithium iron phosphate cell is carried out
at NSLS X181

9 Spatial tracking of inhomogeneity in three dimensions is achieved while discharging

1 A strong corréation between inhomogeneity evolution and cell overpotenisabbserved

1 Results follow resistiveeactant model where particles sequentially contribute in order of

their inter- and intraparticle connectivity
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3.4 Abstract

Energydispersive xay diffraction(EDXRD) is one of the few techniques that can internally
probe a sealed battery under operating conditions. In this paper, we use EDXRD with ultrahigh
energy synchrotron radiation to track inhomogeneity in a cycled-bagacity lithium iron
phosphate (L€PQ) cell underin-situ and operandoconditions. A sequence of deppirofile x
ray diffraction spectra are collected with 40 micrometer resolution as the cell is discharged.
Additionally, nine different locations of the cell are tracked independentlyubhmut a second
discharge process. In each case, a-peak reference intensity ratio analysis (RIR) was used on
the LiFeP¢X311) and the FeP@020) reflections to estimate the relative phase abundance of
the lithiated and norlithiated phases. The dataovide a firsttime look at the dynamics of
electrochemical inhomogeneity inlarge, producttype battery manufactured for electric
vehicle applicationsWe observe a strong correlation between inhomogeneity and overpotential
in the galvanic response dfe cell. Additionally, the data closely follow the behavior that is
predicted by the resistiveeactant model originally proposed by Thormagea. Despite a nen
linear response in the independently measured locations, the behavior of the ensemble is
strikingly linear. This suggests that inhomogengity  f 1 K2 dzZ3 K @SNE AYLER NI yi
performance and cycle lifean be difficult to observevith macroscopic measuremengsnd

highlights the power of the EDXRD technique.

3.5Introduction

The commercial inoduction of lithiumion batteries has enabled a worldwide portable
electronics revolution. More recently they are being uéedmuch larger portable devices:
hybrid gaselectric andll-electric vehicles. Lithiufion batteries offer competitive propertie

(i.e. energy density, cycle life, and low s#Echarge rates) which have proved advantageous for
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the development of portable electroni¢&] However, for successful implementation ile&tric
vehicle applications the current technological state of lithiiom batteries needs improvement.
Specifically, fire susceptibilignd limited driving ranges of electric vehicles are pushing
researchers and engineers to improve the durability, safend energy density of lithiusion

batteries[2]

Lithium iron phosphate (LiFeR)ds an electrode material which offers a high cycle life,
excellent thermal stability, and is composed of ralaly earth abundant material8] For these
reasons, it is welcomed as the nagéneration lithiumion battery for electric vehicles.
Structurally, FeP§&bctahedra combine with PQetrahedra to form a crystalline framework
which can accommodate lithium intercalation. While the exact nature of lithium intercalation
remains elusive, it is generally knowrat lithium diffusion is onedimensional and the

transformation is biphasic, evidentits flat voltage profile[3]

Following its discovery by Padttial. 1997, lithium iron phosphate was regarded as a-low
power material due to its poor intrinsic electronic and ionic cartélity.[4] Recently however,
researchers have found that highte performance is possible with a reductiohthe particle
size and modification dhe surface chemistrys,6] Synthesizing naneized particles can reduce
the bulk diffusion distances and adding a conductive surface coating improvepantiele
conductivity. With higkrate capalility now achievable, lithium iron phosphate is a prime
contender for use in electric vehicle batteries. Howebegause itsheoretical energy density is
30% less than wedlstablished oxide electrodes (NGi&)adoption remains a formidable

challenge

Fa electric vehicles, theoretical energy density is still only one factor which influences

driving range. A morgnportantindicator ofpredicting and achieving a desirable Iainying
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range would be theffectiveenergy density of an entire battery padBne strategy to improve
effective energy density is to scale up the capacity of the electrochemical cell from which a
battery is composed. By a simple calculation done in our lab, the energy density of an 8 Ah
polymer pouch cell is 25% greater than thatof18650 equivalent. Thus, cells produced with
higher capacities (up to 100 Ah) could be advantageous to the electric vehicle industry allowing
for simpler manufacturing, reduced batterganagement overhead, and increased driving

ranges.

However the desrableincrease in sizaecessary to achieve higlapacity lithium ion cells
contributesto the complexity of their inneworking and behavior. Large cells are typically
composed of multiple thin layers of current collectors, separators, electrodes, aculaee
materials. When particulate electrodes exhibit large volume expansions from lithiation,
electrochemical shock and fracture can ocglrDistributed across large areas and multiple
layers,this can cause erratic and unpredictable current pathways which lead to cell
inhomogeneity. Inhomogeneity is undesirable because it can cause -utiization of
electrode materials and create local areas of overcharge and overdischargm tlinrscan

ultimately reduce effective energy density and compromise cell safety and lifetime.

Past modeling efforts have predicted inhomogeneity in high capacity cells usingsnaléi
multi-dimensional modelind8] Additionally, numerous attempts have also been made to
accurately model the phase transformation and voltage behavior for lithium iron phosphate
batteries.[9-16] However, such modeling effortge not sueful unless verifiaslith
experimental validation. Different attempts have been made to measure spatial variation and
inhomogeneity in lithium ion batteries. Nan@aal. used Raman spectroscopy to map the state
of charge of battery electrode=x situ[17] Liuet al. measured a large distribution of state of

charge in a prismatic cadk situby synchrotron mim-diffraction[18] Maire et al. provided state
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of charge mapping using an$itu colorimetry method19] Zhanget al. developed a cell wit
multiple electrode tabs in an attempt to track-gitu current distribution in a lithium ion cell.
[20] Within the last year, Xay absorption spectroscopy measurements carried ouDhoyrard

et al. andKatayamaet al. have shown inhomogeneous reaction distributiofisl,22] Their
results point towards variance in conductive netwodssthe origin of inhomogeneity observed.
However, the measurementre made in specially constructed experimental cells rathan
manufactured productype cells andheyR 2 y Q (i théNéaafufioR ®quired for correlation

to the voltage profile of tk cell.

In this paper, we use a synchrotron white beam to conduct endigpersive xay
diffraction (EDXRD) experiments in order to observe inhomogeneitaitufactured product
type high-capacity cells. EDXRD has proven to be a valuable taat$au battery
characterizatior]23-25] Aided by ultrahigh photon energies, we are able to internallyopro
large lithium iron phosphate cells and collect diffraction spectra while discharging. By
determining the relative amounts of ndithiated and lithiated phases, we reveal the evolution

of inhomogeneity with spatial and temporal resolution.

3.6 Experimental

3.6.1 Electrochemical cells

Two 8 Ah lithium iron phosphate polymer cefisde on a manufacturing lingere chosen
for this study. The cells were constructed in a prismatic layout consisting of multiple repeating
units of electrodes, current collectors, and segtor materials. The positive electrodes were
comprised of nanesized lithium iron phosphate and were treated with a carbonaceous coating.

The negative electrodes were composed of graphitic carbon. Both cells were cycled
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approximately 1500 times with a 2{ischarge rate and a 1C charge rate and were refstetivo

days before the experiment.

3.6.2 Energydispersive xay diffraction

The energydispersive Xay diffraction experiments were carried out at the
superconductiong wiggler beamline X17B1 of The NatiSgathrotron Light Source at
Brookhaven National Laboratory in Upton, NY. The beamline provides a spectral flux with high
brilliance across a range of energies up to 200 keV. The ultrahigh photon energies specifically
allow for deep penetration in to theditery and minimal sample preparation; cells can be
probed asis. The cell was connected to a battery cycler (Arbin), and mounted to the sample
stage. A germanium energy detector was fixed at 3° from the transmitted beam path. Bragg
diffraction were measiad in transmission (Laue) geometry, resulting in a fixed volume in space
where diffraction occurs. A schematic is providefFigure3.1 Energydispersive synchrotron-x

ray diffractionand the details of the beamline have beerveced in this journal previouslj24]

The incident and detector collimating slits were arranged such to form a gauge volume with
dimensions of approximately 3 mm x 3 mm x 40 um. Thehheifithe gauge volume is
commensurate with that of the individual layers in the cell and allows for a proper resolution

across the electrochemical interface.
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Figure3.1 Energydispersive synchrotron-say diffraction

Schematiof the battery experiment at th&X17B1 beamline at NSlL8trahighenergy
polychromatic xrays are collimated through a series of slits and imposed lmattary which can
move in all three dimension3he transmission geometry givgvay to a fixed volume in space
where scattering is measured. The scatteraghysare collected by a germaniuenergy
detector after passing through collimating slits. The battery is connected to a cycler which is
controlled by a computer.

3.6.3 Stoichiometrc determination

In order to determine the relative amounts of FeR@d LiFePgpresent in the gauge
volume, a semguantitative peakfitting routine was employed. The FeP@©20) and the
LiFeP@(311) reflections were chosen for their high intensities aminimal overlap with other
reflections. For each diffraction spectra, the aforementioned peaks, and surrounding peaks,
were fit with a Gaussian function and their integrated intensity was determined. The formula

used to estimate the weight fraction fomeh phase is given below:

®w OO0 YOY
® OO YOY
where the W is the weight fraction, E is the measured intensifiisihe relative intensity and

RIRis reference intensity ratio to corunduf26]C2 NJ 2dzNJ | y I f @ AA & iis A& CStr

the 020 reflection anglis the 311reflection. The reference intensity ratio (Rl&d E*) values
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were provided by Jade and calculdtBom FIZ#99861 (091109) for FeR@d calculated from
FIZ#162282 (091109) for LiFgPBecause we knew that the sum of the weight fractions is
unity, we then solved for the WLastly, by diving by their molecular weights, we solved the
mole fraction ofeach phase. The mole fraction of the Fgpfiase serves as a useful indicator

for the local state of charge.

3.6.4 Measurement strategy

Entire mapping of a large cell would be tipmhibitive. So, in order to assess
inhomogeneity, we devised two experimentainditions. First was to measure across the depth
of an electrode interface located at the bodgnter of the cell. This was done in order to
address variability in the ydirection (See Fige 3.1 for coordinate system). A series of
diffraction spectra weg collected across a pair of positive and negative electrodes in a cyclic
fashion as the cell was discharged at a constant current. The resoftergndodata provide

space and time mapping of the electrode during discharge.

In a complimentary fashion, taddress variability in the yplane, nine points were chosen
to compare across the batteryith the second cell initially at 60% state of charge, the nine
locations were probed at the positive electrode in the center of the prismatic stack. The cell was
then discharged for 1 hour at C4 rate and the nine locations were probed again. This process
was repeated two more times with the last discharge time being 25 minutes when the cell
reached 2.0 V. Overall, the nine locations were measured four times thootigie discharge
process and the discharge process was paused while the measurements wereSpé&eial
care was taken to make sure that the same electrode plane was probed each time. This was
accomplished by calibration procedure that involves scanimnige yrdirection each time the

area was measured.
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3.7Results and discussion

In order to properly track inhomogeneity, a basic understanding of the internal structure of the
battery is required. Starting at the bodenter of the cell, one unit of the repéag layer

structure was analyzed by taking 10 measurements across with 40 micrometer resolution.
Shown in Figre 3.2a, the data show both positive and negative electrode regions, divided by
separators, with current collectors in the center of each elei¢rolhe positive electrode is
identified as lithium iron phosphate, the negative electrode as graphite, the positive collector
foil as aluminum, and the negative foil as copper. A typical EDXRD spectra for the positive

electrode is shown in Rige 3.2b.
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Figure3.2 Internal phase mapping and structural information

a. Diffraction contour plot showing a one dimensional cresstion through an electrochemical
cell. The region shown is one of approximatelgmiy repeating layers which comprise the cell.
The contour plot is composed of ten diffraction spectra collected at 40 micrometer increments.
Color represents the diffraction intensity with blue being the lowest and red being the highest.
The current colletors are labeled and are coated on both sides with the respective electrode

powders.b. Typical energylispersive diffraction spectrum of the lithium iron phosphate

positive electrode. Upon lithiation, a new phase is created with a different crystatsteud his

gives way to a juxtaposition of both diffraction patterns. The Bragg reflections of both phases
are labeled by theihkl coordinates.


























































































































































































