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Batteries play a pivotal role in the low-carbon society that is required to thwart the effects 

of climate change. Alternative low-carbon energy sources, such as wind and solar, are often 

intermittent and unreliable. Batteries are able capture their energy and deliver it later when it is 

needed. The implementation of battery systems in grid-level and transportation sectors is 

essential for efficient use of alternative energy sources. 

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

characteristics of batteries. One of the main hindrances in the progress of battery research is 
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that the constituent electrode materials are inaccessible once an electrochemical cell is 

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

ǘƻ ŀǎǎŜǎǎ ǘƘŜ ŎŜƭƭΩǎ ǇŜǊŦƻǊƳŀƴŎŜΣ ŜΦƎΦΣ ŎǳǊǊŜƴǘΣ ǾƻƭǘŀƎŜΣ ŀƴŘ ƛƳǇŜŘŀƴŎŜΦ These data are limited in 

their ability to reveal the more-localized smaller-scale structural mechanisms on which the 

batteries' performance is so dependent. 

Energy-dispersive x-ray diffraction (EDXRD) is one of the few techniques that can internally 

probe a sealed battery. By analyzing the structural behavior of battery electrodes, one is able to 

Ǝŀƛƴ ƛƴǎƛƎƘǘ ǘƻ ǘƘŜ ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻƴ ǿƘƛŎƘ ǘƘŜ ōŀǘǘŜǊȅΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ƛǎ ŘŜǇŜƴŘŜƴǘΦ Lƴ ǘƘƛǎ 

dissertation, EDXRD with ultrahigh energy synchrotron radiation is used to probe the electrodes 

of manufactured primary and secondary lithium batteries under in-situ and operando 

conditions. The technique is then applied to solve specific challenges facing lithium ion batteries. 

Diffraction spectra are collected from within a battery at 40 micrometer resolution. Peak-

fitting is used to quantitatively estimate the abundance of lithiated and non-lithiated phases. 

Through mapping the distribution of phases within, structural changes are linked to the 

ōŀǘǘŜǊȅΩǎ ƎŀƭǾŀƴƛŎ ǊŜǎǇƻƴǎŜΦ ! ǘƘǊŜŜ-dimensional spatial analysis of lithium iron phosphate 

batteries suggests that evolution of inhomogeneity is linked to the particle connectivity. Despite 

a non-linear local response, the average of the measured ensemble behaves linearly. The results 

suggest that inhomogeneity 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 energy grows 

as well. Fossil fuels have supplied most of humanity's energy up to the present but they are 

finite and will eventually diminish. The combustion of fossil fuels also carries a large 

environmental cost by accelerating climate change and negatively impacting the areas where 

they are developed and used.  The need for renewable and clean 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 technologies are costly, noncompetitive, and are 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. For energy generated from wind and solar, there 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 generated 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 stored in an energy storage device, then these sources are better able 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 chemical-reaction 

chambers. Cells provide a supply of electrons by way of an electrochemical reaction and are 

comprised of two electrodes, positive and negative, a separator, and electrolyte. The 
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performance characteristics of a cell are dependent on the selection of materials used to build 

them.  

Lithium ion batteries play an important role in today's society. In a lithium-ion cell, lithium 

ions travel from one electrode to another and create a usable electrical current. During this 

process, the electrode materials accommodate lithium ions in to 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 electronics revolution. In 2010, 67% of the population owned a mobile phone. [1] 

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 issues. LIBs have limited lifetimes, performance characteristics, and safety issues. [2]  

Much theory and experimentation has gone in to the development of LIBs, enabling better 

electrode materials, processing and construction methods, 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 taking place is hidden and buried. Traditionally, the only 

feedback mechanism to a cells performance is the voltage between its two terminals. Methods 

such as impedance spectroscopy have allowed more information to be collected from cells but 

impedance and current-voltage curves are still only measurements of the entire battery or cell. 

[3] These methods are limited in their ability to measure smaller-scale mechanisms on which the 

batteries' performance is so dependent. 

The limitations of traditional characterization techniques require engineers and scientists to 

develop better tools and methods for understanding how these materials behave in battery 
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systems. Recently, much progress has been made in the area of in-situ diffraction; that is to 

collect diffraction patterns while a battery or reaction is in action. For lithium-insertion 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 special one-use batteries 

are made where the packaging contains a Beryllium window for x-rays 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, cells, or 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 disconnect between 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 magnitude larger. These 

major differences create a challenging gap for the scientists developing new batteries and the 

engineers manufacturing them for real-world applications. 

1.2 Literature Review 
In battery research, in-situ experimentation has proven to be a valuable method for 

understanding underlying reaction mechanisms. The Latin term in situ ƭƛǘŜǊŀƭƭȅ ǘǊŀƴǎƭŀǘŜǎ ǘƻ άƛƴ 

Ǉƻǎƛǘƛƻƴέ and, in the context of electrochemistry, refers to an experiment which is performed 

while the electrochemical reaction is taking place. Diffraction using X-rays, and sometimes 

neutrons, has been a preferred method for in-situ experimentation because of its ability to 
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provide data on structural changes as they occur. In-situ diffraction experiments on batteries 

date back as far as 1992 and continue to advance the field of battery research today. [4-11] 

Proudly, some of the first in-situ diffraction experiments on lithium ion batteries were 

carried out by Rutgers research faculty in 1996. Then, Glenn Amatucci, Jean-Marie Tarascon, 

and Lisa Klein were able to isolate, for the first time, a new phase in the LixCoO2 solid solution by 

constructing a cell that would allow for the penetration of X-rays. [6] Later, in 2002, M. 

Morcrette, along with others, published the details of their cell which used Bellcore's plastic 

laminate electrodes. With their cell, they were able to screen new materials including different 

phosphate-based electrodes. Further advances in low-Z packaging materials and 

instrumentation, mainly synchrotron radiation, have allowed for a stronger understanding of the 

structural evolution 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 lithium-ion batteries. This 

cathode material is of great interest due to its advantages over now-ubiquitous cobalt oxide 

materials which include low raw-materials cost, environmental friendliness, long cycle lifetime, 

and thermal stability. [12,13] Such characteristics make it the most desirable cathode material 

for use in electric and hybrid-electric vehicle applications. There have been quite a few in-situ 

diffraction studies on the LFP. Ho Chul Shin et al. studied Cr doping in carbon coated lithium iron 

phosphate cells using both conventional and synchrotron x-ray diffraction. Shin's cells were 

specially designed for in-situ experimentation using a hole for x-ray transmission and Kapton 

windows. [10]  Xiao-Jian Wang et al., in order to study the delithiation of lithium iron phosphate, 

configured a in-situ XRD chemical reaction chamber and forced the delithiation process 

chemically. Their study used angular synchrotron x-ray diffraction covering a range of about 15° 

collecting diffraction patterns every minute. [7,8] 
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Energy dispersive x-ray diffraction is well suited for in-situ experimentation due to its 

inherent fast collection time compared to angular dispersive x-ray diffraction. [14] In fact, some 

of the earliest experiments, dating back to the early 70s, were in-situ high-pressure studies. [15] 

Interestingly enough, EDXRD was used to study the chemical intercalation of lithium salts in 

Gibbsite in 1999 but not until 2010 was EDXRD used to study any electrochemical process. 

Rijssenbeek et al. were able to measure the reacting phases as a function of charge and 

discharge cycles in prototype sodium metal-halide cells. [16] Using EDXRD they were able to 

achieve both space and time resolved diffraction patterns. With their data they were able to 

show a reaction front within the cell moving from one electrode to the other. To their great 

advantage, their experiment revealed intermediate phases which were negatively affecting the 

ŎŜƭƭΩs performance. 

1.3 Scope of Work 

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

ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ άǇǊƻŘǳŎǘ-ǘȅǇŜέ ƳŀƴǳŦŀŎǘǳǊŜŘ batteries. Energy-dispersive x-ray diffraction 

offers unique capabilities to probe batteries in situ and operando conditions. This dissertation 

explores the potential of using energy-dispersive x-ray diffraction to probe commercial lithium 

ion batteries. It then applies the technique to solve specific challenges facing lithium ion 

batteries.  

Chapter two contains a technical background and justification of why EDXRD could be 

applied to lithium ion batteries. Chapter three, based on a paper published in the Journal of 

Power Sources, addresses the use of EDXRD in tracking inhomogeneity in high-capacity lithium 

iron phosphate batteries. Chapter four, based on a paper published in the Journal of Materials 

Research, extends the work of chapter three by studying the Asynchronous stoichiometric 

response in lithium iron phosphate batteries. Chapter five covers unpublished data collected 
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from batteries including lithium carbon monoflouride, lithium manganese oxide, and lithium 

iron phosphate. Chapter six includes a summary and future work. Additionally, appendix A 

describes different computer-based tools that are used in the data analysis process. Lastly, 

Appendix B includes a paper which describes an EDXRD study, outside of the context of 

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

2.1 Lithium-Ion Batteries 

A lithium ion battery is an energy storage device which relies on the high chemical potential 

of lithium. In a typical intercalation lithium ion battery, lithium ions are transferred between 

host electrodes in a reversible fashion. A schematic of a typical commercial lithium ion battery is 

given in Figure 2.1. 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 electrode is the 

site of the reduction process. Conversely, the negative electrode, also known as the anode, is 

the site of oxidation process. A typical anode is composed of carbon and deposited on a copper 

foil. Between the anode and cathode is a micro-porous separator material and a non-aqueous 

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 commonly referred to 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 associated electron in the 

anode flows through the 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 process. The cathode is 

undergoes an oxidation reaction and the lithium travels back to the anode. [1] 
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Figure 2.1  Schematic of a typical lithium ion battery [2] 

The following are the typical cathode, anode, and full reactions for a lithium ion battery 

ὒὭὓὕ ὼὒὭὼὩ ᴼὒὭὓὕ  (cathode reduction reaction) 

ὒὭὅOὼὒὭὼὅ Ὡ     (anode oxidation reaction) 

ὒὭὅὓὕP ὅ ὒὭὓὕ  (reversible redox reaction) 

where MO is a metal oxide material. The cathode metal oxide material is commonly a cobalt or 

cobalt-alloy oxide. Other common cathode materials are iron phosphate or manganese oxide, 

which are chosen for their electrochemical characteristics.  
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2.2 Diffraction Background 

In a solid material, one where atoms are arranged in a three dimensional periodic array, a 

crystal lattice is formed. The smallest divisible repeating unit in a crystal lattice is defined as a 

unit cell. When the lattice extends beyond approximately 10 unit cells in any one direction, a 

scattering phenomenon known as diffraction can occur. 

When considering an x-ray 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 should be equal: 

ȿ▓ȿ ȿ▓ȿ
ς“

‗
 

where ▓ is the incident wave and ▓ is the scattered wave and ‗ is the wavelength. 

 

Figure 2.2  Two-dimensional representation of Ewald's Sphere 

Two-dimensional representation of the sphere of reflection in the reciprocal lattice. Here the 

conservation of momentum is satisfied for any set of planes whose point hkl falls on the surface 

of the sphere [3] 
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The scattering event is caused by an interaction between the photon and the 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 electron density. Given the law of conservation of 

momentum, the momentum transfer from the incident wave to the lattice, ▲ is given as: 

▲  ▓ ▓ ς“╗ 

where ς“╗ is the reciprocal lattice vector. [4] Combining the two prior equations one obtains 

▓ ▓

‗
╗  

providing a relationship between the incident, scattered, and lattice vectors and the 

wavelength. Here, the lattice vector is given subscripts ὬὯὰ to notate the miller index by which 

the diffraction event is occurring. Figure 2.2 provides a graphical, two-dimensional 

representation in reciprocal space of the geometrical condition for diffraction. [3] 

Figure 2.3 shows the geometrical condition for diffraction in real space. Here, the equation 

is rearranged in to the commonly known Bragg's Law: 

ὲ‗ ςὨ ÓÉÎ—  

where ὲ is integer number of atomic planes, ‗ is wavelength of incident beam, Ὠ  is inter-

planar spacing and — is the angle between the incident beam and the atomic plane. [5] 
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Figure 2.3  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 superposed 

reflected waves interfere constructively if the Bragg condition is satisfied.  [6] 

 

2.3 Synchrotron Radiation 

In recent years, x-ray techniques have benefited from the production of facilities that create 

synchrotron radiation. Synchrotron radiation is created 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 photons and ranging 

across a wide portion of the electromagnetic spectrum. The facilities are usually built in 

structure of a ring where there are many end-stations for experimentation using different filters, 

monochromators, or focusing optics. 
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Figure 2.4 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 comparison with 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 x-ray techniques. Synchrotron radiation covers a large range of energies and that 

allows for superior data 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 photons with energies up to 200 keV by the use of a super-

conducting wiggler. [7] The use of high-energy, sometimes referred to as hard, x-rays is 

advantageous because the x-rays aren'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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2.4 Energy-Dispersive X-ray Diffraction 

Energy dispersive x-ray diffraction (EDXRD) is an x-ray scattering technique that uses 

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

quantitative understanding of EDXRD, let us first consider the Einstien-Planck Equation 

Ὁ  
Ὤ

’
 

where Ὁ is the energy of a photon, Ὤ is Planck's constant and ’ is the frequency. The frequency 

can also be represented as 

’
ὧ

‗
 

where ὧ is the speed of light and ‗ is the wavelength of the photon. Combining the two prior 

equations we obtain 

Ὁ
Ὤὧ

‗
 

which gives a convenient definition of the energy, Ὁ. Remembering Bragg's Law  

ὲ‗ ςὨÓÉÎ— 

and combining with we obtain,  

Ὁ
Ὤὧ

ὨÓÉÎ—
 

and by recognizing that Ὤὧ φȢρωω ËÅ6Ͻᴠ, we are left with  

Ὁ  ËÅ6
φȢρωω

ÓÉÎ—Ὠ ᴠ
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which is the governing equation of EDXRD. Here, Ὁ  is the energy of the scattered photons 

from lattice plane (hkl), measured in keV, and Ὠ  is the spacing of the atomic plane with the 

Miller index (hkl), measured in Angstroms. It is important to note that the measured quantity 

 is equivalent to the magnitude of the reciprocal lattice vector, ȿ╗ ȿȢ  Because the 

diffraction angle — is fixed, the 
Ȣ

 term is constant thus allowing EDXRD to measure ȿ╗ ȿ 

directly and with great precision. 

 

Figure 2.5 Schematic of the EDXRD apparatus used at the NSLS beamline X17B1 

Schematic of the EDXRD apparatus used at the NSLS beamline X17B1 where a white x-ray beam 

is generated using a super-conducting wiggler and shone into a sample as shown. The sample is 

manipulated on a micro-positioning sample stage and the diffracted beam is recorded at a fixed 

angle н ̒

 

Figure 2.5 is an illustration of 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 broad-bandwidth white' x-ray beam passes through tantalum collimating slits 

before it reaches 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 

ǇƻǎƛǘƛƻƴŜŘ ŀǘ ŀ ŦƛȄŜŘ ŀƴƎƭŜΣ нʻ. 
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Figure 2.6 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 the beam slits shown in Figure 2.6. The 

gauge volume is the shape of a parallelepiped where the height and width are determined by 

the incident beam slits. The length of the GV is determined geometrically by the following 

formula 

ὒ
Ὓ

ÓÉÎς—

Ὓ

ÔÁÎς—
 

where Ὓ and Ὓare the slit openings in the x-y plane perpendicular to the z-axis. [7]  

Diffracted x-rays are measured using a cryogenically cooled Germanium detector. The 

detector stores the number of photon counts in to a multi-channel analyzer with 8192 

independent channels. For calibration, a relationship between channel number, energy, and 

interplanar spacing is determined using a set of known standards where the x-ray florescence 

and diffraction peaks of each are used in the calibration. 
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2.5 The Application to Lithium-Ion Batteries 

 

Figure 2.7 Typical construction of a lithium-ion polymer cell [7] 

 

When using EDXRD to measure lithium ion batteries, it is important first consider the 

mechanisms by which they are constructed. The mechanical construction of a typical lithium-ion 

polymer cell is shown in Figure 2.7.  Here, each lithium-ion cell consists of a positive electrode, 

separator, positive electrode, and electrolyte. 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 then a pressing step to 

flatten the layers. [9] Once completed, what is left is a multi-layer electrochemical structure 

housed in an aluminized polymer pouch filled with a non-aqueous electrolyte.   
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In order to isolate the gauge volume solely in a single region of the cell to get a clearly 

resolved signal, the cell should be transversely mounted in the beamline. Figure 2.8 shows how 

the cell is oriented with respect to the incident and diffracted beam where ὲ represents the 

diffraction vector in real space.  

 

Figure 2.8 Orientation of diffraction vectors 

Simulation showing orientation of diffraction vectors in relation to the lithium-ion battery. A 

cutaway of the battery is shown to reveal layer structure. 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 as the positive or 

negative electrode, allowing for a clear diffraction signal. This is achieved by the reducing the S1 

slit dimension to a small value. Then, the planar structure of the cell allows one to increase the 

width of the gauge volume to have a favorable signal to noise ratio. What is left is a GV that is of 

a flat planar geometry. This allows for excellent intra-layer resolution and reasonable topological 

resolution.  
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Figure 2.9  Gauge volume positioning within 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 on to the battery terminals as shown in 

Figure  

2.6 Data Collection 

There are three categories of 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 phase and strain analysis. Lastly, by fitting a profile shape 

function to specific reflection peaks, one can obtain information on defects within the 

diffracting crystals as well as the size of the reflecting domain. Each category, as it pertains to 

lithium ion batteries, will be covered below.  

2.6.1 Tomographic Profile 

A tomographic profile is obtained when one just considers the total 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 very short collection times (one second). The advantage is that 

as the beam passes through different phases, 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 spacing and repetition of the layers and thereby use EDXRD as a quick 

analysis for quality control and failure analysis. 

2.6.2 Diffraction Spectra 

 

Figure 2.10  Sample data from an EDXRD experiment 

Sample data from an EDXRD experiment where the x-axis is 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 an EDXRD 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, and consequently, a wide range of Bragg reflections are 

observed.  Furthermore, collection time for a typical spectra is about 1-2 minutes. 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 variables. Figure 2.10 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 

roughly 40 micrometers. Here you can see the changes in phases are quite distinct, providing 

spatial phase mapping. This ability to provide structural-crystallographic data from within a 

sample is the reason why EDXRD is powerful as a true in-situ measurement.  

2.6.3 Peak Shape Analysis 

Additional information 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 a least-squares 

method. The most common functions are Gaussian, Lorentzian, or Pseudo-Voigt which 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 center, height, 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 peak fitting process. [10] 
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Figure 2.11  Screenshot from peak-fitting software fityk 

 

The full-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 

broadening effects. The equation below shows the relationship between observed (‍), 

instrumental (‍), and real (‍) broadening when using a Guassian profile shape function.  

‍ ‍ ‍  

The quantity, is measured using a lanthanum hexaboride (LaB6) standard provided by 

National Institute of Standards. The powder standard is engineered to show no ``real'' 

broadening effects. As a result, the FWHM of the LaB6 peaks are used to determine the 

instrumental broadening as a function of energy.  
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The real broadening, ‍, is then determined for a set of reflections and its squared-value is 

plotted. A line can be fit and using the equation below, and the size and strain contributions can 

be separated.  This equation is  

‍ Ὁ  
ὑ Ὤὧ

ὒÓÉÎ—
ς‭Ὁ 

where ‍ Ὁ is the real broadening in energy, ὑ is the Scherrer constant, h is Planck's constant, c 

is the speed of light, L is the size of the coherent reflecting domain, — is the diffraction angle, ‭ is 

the strain, or variation in d-spacing and E is the energy.[11] 

From the line profile analysis described above, one can measure the coherent-reflecting 

domain size and average micro-strain within. Coupled with the spatial and temporal resolution 

of the EDXRD technique, this information can be used to study phase transformation processes.  
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3. Tracking inhomogeneity in high-capacity lithium iron phosphate 

batteries 

3.1 Preface 

This chapter is based on a manuscript published in the Journal of Power Sources (J. Power 

Sources, 275 (2015) 429-434). The full list of authors includes William A. Paxton, Zhong Zhong, 

and Thomas Tsakalakos. The role of William A. Paxton was to design and perform all 

experiments, process and analyze all data, and prepare the manuscript for submission.  

3.2 Graphical Abstract 

 

3.3 Highlights 

¶ In-situ and operando profiling of a real-world 8 Ah lithium iron phosphate cell is carried out 

at NSLS X17-B1 

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

¶ A strong correlation between inhomogeneity evolution and cell overpotential is observed 

¶ Results follow resistive-reactant model where particles sequentially contribute in order of 

their inter- and intra-particle connectivity 
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3.4 Abstract 

Energy-dispersive x-ray 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 high-capacity lithium iron 

phosphate (LiFePO4) cell under in-situ and operando conditions. A sequence of depth-profile x-

ray diffraction spectra are collected with 40 micrometer resolution as the cell is discharged. 

Additionally, nine different locations of the cell are tracked independently throughout a second 

discharge process. In each case, a two-peak reference intensity ratio analysis (RIR) was used on 

the LiFePO4 (311) and the FePO4 (020) reflections to estimate the relative phase abundance of 

the lithiated and non-lithiated phases. The data provide a first-time look at the dynamics of 

electrochemical inhomogeneity in a large, product-type battery manufactured for electric 

vehicle applications. We observe a strong correlation between inhomogeneity and overpotential 

in the galvanic response of the cell. Additionally, the data closely follow the behavior that is 

predicted by the resistive-reactant model originally proposed by Thomas-Alyea. Despite a non-

linear response in the independently measured locations, the behavior of the ensemble is 

strikingly linear. This suggests that inhomogeneityΣ ŀƭǘƘƻǳƎƘ ǾŜǊȅ ƛƳǇƻǊǘŀƴǘ ǘƻ ǘƘŜ ōŀǘǘŜǊȅΩǎ 

performance and cycle life, can be difficult to observe with macroscopic measurements and 

highlights the power of the EDXRD technique.   

3.5 Introduction 

The commercial introduction of lithium-ion batteries has enabled a worldwide portable-

electronics revolution. More recently they are being used for much larger portable devices: 

hybrid gaselectric and all-electric vehicles. Lithium-ion batteries offer competitive properties 

(i.e. energy density, cycle life, and low self-discharge rates) which have proved advantageous for 



27 
 

 
 

the development of portable electronics.[1] However, for successful implementation in electric 

vehicle applications the current technological state of lithium-ion batteries needs improvement. 

Specifically, fire susceptibility and limited driving ranges of electric vehicles are pushing 

researchers and engineers to improve the durability, safety, and energy density of lithium-ion 

batteries.[2]  

Lithium iron phosphate (LiFePO4) is an electrode material which offers a high cycle life, 

excellent thermal stability, and is composed of relatively earth abundant materials.[3] For these 

reasons, it is welcomed as the next-generation lithium-ion battery for electric vehicles. 

Structurally, FePO6 octahedra combine with PO4 tetrahedra to form a crystalline framework 

which can accommodate lithium intercalation. While the exact nature of lithium intercalation 

remains elusive, it is generally known that lithium diffusion is one-dimensional and the 

transformation is biphasic, evident in its flat voltage profile. [3] 

Following its discovery by Padhi et al. 1997, lithium iron phosphate was regarded as a low-

power material due to its poor intrinsic electronic and ionic conductivity.[4] Recently however, 

researchers have found that high-rate performance is possible with a reduction of the particle 

size and modification of the surface chemistry.[5,6] Synthesizing nano-sized particles can reduce 

the bulk diffusion distances and adding a conductive surface coating improves intra-particle 

conductivity. With high-rate capability now achievable, lithium iron phosphate is a prime 

contender for use in electric vehicle batteries. However, because its theoretical energy density is 

30% less than well-established oxide electrodes (NCA) its adoption remains a formidable 

challenge 

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

driving range. A more important indicator of predicting and achieving a desirable long driving 
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range would be the effective energy density of an entire battery pack. One 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 that of an 18650 equivalent. Thus, cells produced with 

higher capacities (up to 100 Ah) could be advantageous to the electric vehicle industry allowing 

for simpler manufacturing, reduced battery-management overhead, and increased driving 

ranges. 

However, the desirable increase in size necessary to achieve high-capacity lithium ion cells 

contributes to the complexity of their inner-working and behavior. Large cells are typically 

composed of multiple thin layers of current collectors, separators, electrodes, and electrolyte 

materials. When particulate electrodes exhibit large volume expansions from lithiation, 

electrochemical shock and fracture can occur.[7] Distributed 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 under-utilization of 

electrode materials and create local areas of overcharge and overdischarge. This in turn can 

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

Past modeling efforts have predicted inhomogeneity in high capacity cells using multi-scale 

multi-dimensional modeling. [8] 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 efforts are not sueful unless verified with 

experimental validation. Different attempts have been made to measure spatial variation and 

inhomogeneity in lithium ion batteries. Nanda et al. used Raman spectroscopy to map the state 

of charge of battery electrodes ex situ.[17]  Liu et al. measured a large distribution of state of 

charge in a prismatic cell ex situ by synchrotron micro-diffraction.[18] Maire et al. provided state 
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of charge mapping using an in-situ colorimetry method.[19] Zhang et al. developed a cell with 

multiple electrode tabs in an attempt to track in-situ current distribution in a lithium ion cell. 

[20] Within the last year, X-ray absorption spectroscopy measurements carried out by Ouvrard 

et al. and Katayama et al. have shown inhomogeneous reaction distributions. [21,22] Their 

results point towards variance in conductive networks as the origin of inhomogeneity observed. 

However, the measurements are made in specially constructed experimental cells rather than 

manufactured product-type cells and they ŘƻƴΩǘ ǇǊƻǾƛŘŜ the resolution required for correlation 

to the voltage profile of the cell. 

In this paper, we use a synchrotron white beam to conduct energy-dispersive x-ray 

diffraction (EDXRD) experiments in order to observe inhomogeneity in manufactured product-

type high-capacity cells. EDXRD has proven to be a valuable tool for in-situ battery 

characterization.[23-25] Aided by ultrahigh photon energies, we are able to internally probe 

large lithium iron phosphate cells and collect diffraction spectra while discharging. By 

determining the relative amounts of non-lithiated 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 cells made on a manufacturing line were chosen 

for this study. The cells were constructed in a prismatic layout consisting of multiple repeating 

units of electrodes, current collectors, and separator materials. The positive electrodes were 

comprised of nano-sized 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 2C discharge rate and a 1C charge rate and were rested for two 

days before the experiment. 

3.6.2 Energy-dispersive x-ray diffraction 

The energy-dispersive X-ray diffraction experiments were carried out at the 

superconductiong wiggler beamline X17B1 of The National Synchrotron 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 the battery and minimal sample preparation; cells can be 

probed as-is. 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 measured in transmission (Laue) geometry, resulting in a fixed volume in space 

where diffraction occurs. A schematic is provided in Figure 3.1  Energy-dispersive synchrotron x-

ray diffraction and the details of the beamline have been covered in this journal previously. [24] 

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 µm. The height of the 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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Figure 3.1  Energy-dispersive synchrotron x-ray diffraction 

Schematic of the battery experiment at the X17B1 beamline at NSLS. Ultrahigh energy 

polychromatic x-rays are collimated through a series of slits and imposed on a battery which can 

move in all three dimensions. The transmission geometry gives way to a fixed volume in space 

where scattering is measured. The scattered x-rays are collected by a germanium energy 

detector after passing through collimating slits.  The battery is connected to a cycler which is 

controlled by a computer. 

3.6.3 Stoichiometric determination  

In order to determine the relative amounts of FePO4 and LiFePO4 present in the gauge 

volume, a semi-quantitative peak-fitting routine was employed. The FePO4 (020) and the 

LiFePO4 (311) reflections were chosen for their high intensities and minimal 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 for each phase is given below: 

ὡ

ὡ

Ὁȟ
Ὁȟ

Ὁȟ

Ὁȟ

ὙὍὙȟ

ὙὍὙȟ
 

where the W is the weight fraction, E is the measured intensity, Erel is the relative intensity and 

RIRc is reference intensity ratio to corundum. [26] CƻǊ ƻǳǊ ŀƴŀƭȅǎƛǎ ʰ ƛǎ CŜthпΣ ʲ ƛǎ [ƛCŜthпΣ i is 

the 020 reflection and j is the 311 reflection. The reference intensity ratio (RIRc and Erel) values 
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were provided by Jade and calculated from FIZ#99861 (091109) for FePO4 and calculated from 

FIZ#162282 (091109) for LiFePO4. Because we knew that the sum of the weight fractions is 

unity, we then solved for the Wh. Lastly, by diving by their molecular weights, we solved the 

mole fraction of each phase. The mole fraction of the FePO4 phase serves as a useful indicator 

for the local state of charge.  

3.6.4 Measurement strategy 

Entire mapping of a large cell would be time-prohibitive. So, in order to assess 

inhomogeneity, we devised two experimental conditions. First was to measure across the depth 

of an electrode interface located at the body-center of the cell. This was done in order to 

address variability in the yr-direction (See Figure 3.1 for coordinate system). A series of 

diffraction spectra were collected across a pair of positive and negative electrodes in a cyclic 

fashion as the cell was discharged at a constant current. The resulting operando data provide 

space and time mapping of the electrode during discharge. 

In a complimentary fashion, to address variability in the yr-plane, nine points were chosen 

to compare across the battery. With 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 throughout the discharge 

process and the discharge process was paused while the measurements were taken. Special 

care was taken to make sure that the same electrode plane was probed each time. This was 

accomplished by calibration procedure that involves scanning in the yr-direction each time the 

area was measured. 
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3.7 Results and discussion 

In order to properly track inhomogeneity, a basic understanding of the internal structure of the 

battery is required. Starting at the body-center of the cell, one unit of the repeating layer 

structure was analyzed by taking 10 measurements across with 40 micrometer resolution. 

Shown in Figure 3.2a, the data show both positive and negative electrode regions, divided by 

separators, with current collectors in the center of each electrode. The 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 Figure 3.2b.  
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Figure 3.2 Internal phase mapping and structural information 

a. Diffraction contour plot showing a one dimensional cross-section through an electrochemical 

cell. The region shown is one of approximately twenty 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 collectors are labeled and are coated on both sides with the respective electrode 

powders. b. Typical energy-dispersive diffraction spectrum of the lithium iron phosphate 

positive electrode. Upon lithiation, a new phase is created with a different crystal structure. This 

gives way to a juxtaposition of both diffraction patterns. The Bragg reflections of both phases 

are labeled by their hkl coordinates. 

  




























































































































