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ABSTRACT: Rechargeable battery technologies have ignited major breakthroughs in
contemporary society, including but not limited to revolutions in transportation,
electronics, and grid energy storage. The remarkable development of rechargeable
batteries is largely attributed to in-depth efforts to improve battery electrode and
electrolyte materials. There are, however, still intimidating challenges of lower cost,
longer cycle and calendar life, higher energy density, and better safety for large scale
energy storage and vehicular applications. Further progress with rechargeable batteries
may require new chemistries (lithium ion batteries and beyond) and better
understanding of materials electrochemistry in the various battery technologies. In the
past decade, advancement of battery materials has been complemented by new analytical
techniques that are capable of probing battery chemistries at various length and time
scales. Synchrotron X-ray techniques stand out as one of the most effective methods that
allow for nearly nondestructive probing of materials characteristics such as electronic
and geometric structures with various depth sensitivities through spectroscopy,
scattering, and imaging capabilities. This article begins with the discussion of various rechargeable batteries and associated
important scientific questions in the field, followed by a review of synchrotron X-ray based analytical tools (scattering,
spectroscopy, and imaging) and their successful applications (ex situ, in situ, and in operando) in gaining fundamental insights
into these scientific questions. Furthermore, electron microscopy and spectroscopy complement the detection length scales of
synchrotron X-ray tools and are also discussed toward the end. We highlight the importance of studying battery materials by
combining analytical techniques with complementary length sensitivities, such as the combination of X-ray absorption
spectroscopy and electron spectroscopy with spatial resolution, because a sole technique may lead to biased and inaccurate
conclusions. We then discuss the current progress of experimental design for synchrotron experiments and methods to mitigate
beam effects. Finally, a perspective is provided to elaborate how synchrotron techniques can impact the development of next-
generation battery chemistries.
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1. INTRODUCTION
In 1991, Sony1 announced the successful commercialization of
the first lithium-ion batteries, now the devices of choice for
consumer electronics as well as for emerging technologies such
as transportation applications (electric vehicles) and grid
energy storage. In the intervening years, the practical specific
energy of cells has more than doubled (from <100 to ∼240
Wh/kg) and costs have decreased from more than $1000/kWh
to $300/kWh.2 These remarkable advances are due not only to
better engineering and cell design but also to improvements in
materials, particularly, electrodes and electrolytes. Many of
these improvements were enabled by improved understanding
of electrochemical reactions that occur in the electrode
materials and at the electrode−electrolyte interfaces. The
development of nearly nondestructive synchrotron analytical
techniques, capable of probing various length and time scales,
in or ex situ, has coincided with the maturation of lithium-ion
batteries, leading to significant insights into their functioning
and what design principles are important for improvement. The
investigation of batteries by synchrotron X-ray techniques
started approximately 25 years ago (pioneered by McBreen and
co-workers3−10) and has generated numerous publications.
This is expected to grow as more scientists in battery research
become familiar with the techniques and are eager to initiate
studies making use of the ever-increasing capabilities at
synchrotron light sources. This work reviews the application
of synchrotron science to battery materials and device
functionality. The emphasis is primarily on lithium-ion batteries
but also includes some “beyond lithium-ion” chemistries,
primarily those involving lithium metal anodes (e.g., solid
state batteries, lithium/sulfur) and the closely related sodium-
ion battery systems. A short summary of the relevant
chemistries, cell designs, and grand challenges associated with
these devices is given below, followed by descriptions of
synchrotron techniques applicable to battery technologies and
results and insights from these experiments. To conclude, we
describe what the future may hold for the application of
synchrotron science to batteries.

2. BATTERY DESIGN AND MATERIALS

2.1. Lithium-Ion Batteries

A schematic of a lithium-ion cell is shown in Figure 1.11 The
typical device is a dual intercalation system, consisting of two
electrodes that can insert lithium ions at different potentials,
where the insertion in the positive electrode (cathode) occurs
at higher redox potentials than that of the negative electrode
(anode). Lithium ions shuttle between the two electrodes
during charge and discharge, and electrons from the external
circuit compensate for the (dis)charge of the electrode
materials. The electrodes are typically porous composites; in
addition to the active materials, they contain polymeric binders
and conductive additives such as carbon black. An aluminum
current collector is used as the backing for the cathode and
copper for the anode. A thin porous film separates the two
electrodes,12 and a liquid electrolytic solution consisting of a
lithium salt dissolved in organic carbonates13 wets the separator
and electrodes. Various additives may also be used in the cell to
improve the properties of the solid electrolyte interface (SEI)
formed at the interface or to provide better oxidative stability
and safety, among other functions.14 Safety features such as
shutdown separators, cell vents, or tear-away tabs may also be
incorporated in cells.15
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Unlike many other batteries, lithium-ion system chemistry is
not absolutely fixed. In principle, any of a number of redox
active compounds, salts, and solvents may be used as electrode
materials and in electrolytic solutions, resulting in variable
performance characteristics such as average potential, energy
density, rate capability, cycle life, safety, and cost. In actuality,
rigorous requirements for specific applications have resulted in
the commercialization of just a handful of materials. Graphite is
the most commonly used anode, although small amounts of
silicon are now often added to boost capacity.16,17 For
applications where high energy density is not mandated, such
as hybrid electric vehicles (HEVs), the spinel titanate Li4Ti5O12
is sometimes substituted. A variant of LiCoO2, which was the
first intercalating oxide cathode to be described,18 is still the
positive electrode of choice for small batteries intended for
consumer electronics, although it is considered too expensive
for electric vehicles. For electric vehicle applications, the olivine
LiFePO4, variants of LiMn2O4 (LMO) spinel, or layered
transition metal oxides isostructural to LiCoO2 containing
multiple metals, are used. The latter are commonly referred to
by their initials [e.g., NMC for LiNixMnyCozO2 (where x + y +
z = 1) or NCA for LiNi0.8Co0.15Al0.05O2]. Because none of these
materials alone meets all of the criteria necessary for
transportation applications, such as high energy density, good
thermal stability, high power, and long cycle life, materials are
sometimes mixed together in the composite cathode to achieve
the desired characteristics. For instance, NMC and LMO
materials are blended as composite cathodes for the BMW i3
and Nissan Leaf.19

Likewise, the need for high conductivity, wide potential
stability, and thermal operation windows and formation of the
essential solid electrolyte interface (SEI) on the anode has led
the battery industry to settle primarily on LiPF6 in mixtures of
organic carbonates containing ethylene carbonate (EC) as the
basis for the electrolytic solution.
The consensus that has formed around these materials is the

result of nearly 40 years of effort in intercalation chemistry and
lithium battery research. Along the way, many initially attractive

candidates have been studied but then either modified or
discarded outright because they failed on one performance
metric or another. Nevertheless, the large and growing lithium-
ion battery market (estimated in 2010 to be U.S. $10 billion20)
provides strong incentives to continue development, especially
as new opportunities in vehicular applications and large-scale
energy storage emerge. In particular, there is a need for
improved safety, lower cost, higher energy density, and more
reliable cycling than currently available. For example, the EV
Everywhere Blueprint, the umbrella effort of the U.S.
Department of Energy to increase the adoption and use of
plug-in hybrid electric vehicles, outlines goals for halving the
weight and size of the battery and reducing cost from ∼ $500/
kWh to $125/kWh by 2022 (see http://energy.gov/eere/
vehicles/ev-everywhere-grand-challenge-does-10-year-vision-
plug-electric-vehicles).
The push for higher energy density has driven interest in new

anode materials based on alloying reactions.21−23 Much
attention in recent years has been directed toward silicon, in
particular, because of the high gravimetric capacity for lithium
(∼4200 mAh/g) and the existence of a manufacturing
infrastructure for the semiconductor industry. Research efforts
have been directed toward managing the large volume
changes24 and Coulombic inefficiencies associated with the
lithium alloying reactions in silicon-based anode materials.
These approaches include nanostructuring,25,26 the use of
composites, particularly with carbon,27 and development of
special binders28 as well as electrolyte additives. As of this
writing, silicon is used primarily to boost capacity of carbon
anodes rather than as a stand-alone electrode material. Alloy
anodes based on tin have also been intensively studied and have
been used in composite form in the Sony Nexelion battery.29,30

The energy density is 30% higher than that of conventional
carbon anodes, although applications are limited to high-end
video cameras.31

Conversion electrodes have also been considered for use in
lithium-ion batteries.32,33 These generally involve displacement
reactions of binary metal-containing compounds (eq 1), rather
than intercalation, although some materials will undergo
intercalation prior to conversion.

+ + ↔ +

=

+ − +n n nLi e M X M LiX

(X O, F, N, S)

n
m m n/

(1)

The theoretical gravimetric capacities of these reactions can
be enormous (e.g., 571 mAh/g for FeF2),

34 but the electrodes
are plagued by large volume expansion, sluggish kinetics, high
Coulombic inefficiencies, and poor round-trip energy efficien-
cies. Most conversion electrodes are intended for use as anode
materials because of the relatively low potentials at which they
are redox active. However, several binary metal fluorides are
electroactive above 3 V versus Li+/Li, making them possible
candidates for use as positive electrode materials in metallic
lithium cells, if solutions can be found for the problems
outlined above.
Most other emerging cathode materials are based on variants

of NMC, due to their ease of synthesis, and other attractive
characteristics.35 In particular, there is potential for higher
practical capacities at accessible voltages than is achievable now
(usually about 160 mAh/g when charged to 4.3 V versus Li+/Li,
compared to a theoretical capacity of ∼280 mAh/g).
Approaches for improving energy density include charging
conventional NMCs to higher voltages, to allow more capacity

Figure 1. Schematic diagram of a lithium-ion cell consisting of (left)
an intercalation cathode on an aluminum current collector, (middle)
an electrolytic solution, and (right) a graphite anode on a copper
current collector. Reproduced with permission from ref 11. Copyright
2012 Sigma-Aldrich Co. LLC.
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to be accessed. This often results in faster capacity fading, and a
large body of work is directed toward understanding the high
voltage behavior.36 There is also interest in developing Ni-rich
NMCs, in which the Ni content is greater than that of Mn and
Co, because of their generally higher practical capacities under
normal cycling conditions compared to NMCs in which the Ni
content is matched to that of Mn.37 These materials exhibit
high surface reactivity, and a greater tendency for antisite
mixing, in which Ni sites occupy Li sites in the van der Waals’
gaps, and vice versa, compared to NMCs with lower Ni
content. The former results in poorer cycling behavior and
potential safety issues (e.g., inferior thermal stability), whereas
the latter can lead to diminished rate capability.
A category of materials known variously as LMR-NMCs

(lithium and manganese-rich NMCs), OLOs (overlithiated
oxides), or “layered−layered” composites has been the focus of
intense interest from the battery research community because
of the very high capacities that can be obtained upon discharge
after activation, often in excess of 250 mAh/g.38,39 A number of
different compositions having more than one Li per formula
unit and Mn content larger than that of Ni and Co have been
studied. The structures of the LMR-NMCs have been a subject
of controversy, with materials described as either solid solutions
(i.e., Li1+xM1−xO2, where M stands for Ni, Co, and Mn)40 or as
composites containing Li2MnO3, written as x(Li2MnO3)·1−
x(LiMO2).

41−43 A recent careful transmission electron micro-
scopic study of several of the most well-studied materials,
however, indicated that commercially available materials are
best described as solid solutions.44 In fact, the structures of
these materials are likely determined by the method of
preparation and can be sensitive to thermal treatment.
The electrochemical behavior of the LMR-NMCs is

significantly different from that of conventional and Ni-rich
NMCs in several key aspects. Upon initial charge to potentials
above about 4.5 V versus Li+/Li, a plateau is generally observed
in their voltage profiles. Oxygen release accompanies the
deintercalation of lithium ions from the structure on this
plateau, for a net loss of Li2O. An alternative explanation,
however, holds that some of the oxygen anions are partially
oxidized at this stage. At any rate, the process renders the
manganese ions, which do not normally participate in redox
processes in conventional NMCs, electro-active, leading to the
very high discharge capacities that are observed subsequently.
Unfortunately, the LMR-NMCs suffer from a number of
problems, which make them difficult to employ in most
applications. The most significant of these is voltage fading due
to structural changes as the material is cycled; in other words,
the average voltage upon discharge decreases with cycle
number, leading to a loss of energy density. The Department
of Energy recently funded a three-year “deep dive” effort, which
included synchrotron techniques, aimed at understanding this
phenomenon better.45 To date, however, there is no effective
cure for voltage fading that does not compromise the high
capacities that made the LMR-NMCs so attractive initially for
use as cathode materials.
The observation of oxygen redox activity in the LMR-NMCs

and the discussion surrounding its nature has led some
researchers to propose the use of electrodes based on the
oxygen.46,47 Several oxides containing second or third row
transition metals such as Ru, Sn,48 Ir,49 and Nb50 show
evidence of reversible formation of peroxo bonds when charged
to high potentials, instead of oxygen gas release. The high initial
capacities that some of these materials exhibit make them

potentially interesting for many practical applications, although
their cycling behavior and safety characteristics still need to be
assessed and improved.

2.2. “Beyond Lithium-ion” Batteries

“Beyond Lithium-Ion” batteries include a number of systems of
interest due to their potential for lowering cost, increasing
energy density, or improving safety, among other benefits.51−53

They are in varying stages of development, ranging from
exploratory to the demonstration phase, and, in many cases, are
not based on new chemistries but rather re-evaluations of
promising but problematic systems introduced in the past. This
is particularly true for secondary battery systems with lithium
metal anodes, which tend to form mossy deposits and/or
dendrites during cycling. This characteristic has extremely
negative implications for safety and cycle life, and has stymied
widespread deployment, in spite of over 40 years of mitigating
efforts. Still, the possibility of high energy density, based on the
large theoretical capacity (3860 mAh/g) and electropositive
nature of lithium (−3.04 V vs S.H.E.), provides a compelling
rationale for development of these batteries, especially those
with lightweight sulfur or air cathodes. In particular, lithium
metal anodes could be possibly enabled by solid-state
electrolyte separators because of their potential to inhibit the
dendritic growth of lithium, although many daunting challenges
still exist.54

Lithium/sulfur batteries have a high theoretical specific
energy of ∼2600 Wh/kg but suffer from short cycle lives due to
precipitation of insulating Li2S and high self-discharge rates due
to the shuttling of soluble polysulfide intermediates during
operation. While significant progress has been made in their
development in recent years, due to improvements in cathode
fabrication, the use of additives to suppress shuttling, and
special polymeric or ceramic membranes to protect the lithium
anode and prevent crossover, they fail to beat modern lithium-
ion batteries on several important benchmarks, notably
volumetric energy density.55 In particular, the need to restrict
the amount of electrolytic solution in the cell to ensure high
energy density leads to shortened cycle life because of the
greater tendency for precipitation to occur and the exacerbated
effect of electrolyte decomposition.
Likewise, lithium/air systems fall short on several critical

performance metrics. Depending on the cell configuration
(using aprotic, solid, or alkaline aqueous electrolytes in a hybrid
configuration with a protected lithium anode), the reaction
product is usually insoluble Li2O2 or LiOH, which has limited
solubility in water.56 As is the case with lithium/sulfur batteries,
the precipitation of insulating reaction products usually leads to
premature polarization before the theoretical capacities are
reached (1168 mAh/g for Li2O2 or 1119 mAh/g for LiOH). In
addition, poor round trip efficiencies, short cycle lives, and side
reactions with components in the electrolytic solutions and
with H2O, CO2, and other contaminants in air, all pose
significant challenges for these devices, no matter what the
configuration.57,58 The latter, in particular, has important
implications for the design of practical devices, as complex
gas-handling systems, which add considerably to the weight and
volume, may be required.59 Still, recent research efforts have
shown that some of these problems can be overcome; for
example, good cycling to a LiOH product has been achieved
using a LiI mediator and small amounts of water in a cell with
an organic electrolytic solution.60 A cell in which a stable LiO2
product was formed, by utilizing an Ir catalyst and limiting the
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time of discharge, showed much lower overpotential upon
charge than cells in which Li2O2 is the discharge product.61

Lower overpotentials (better round-trip efficiencies) are also
observed for sodium/air batteries, which form stable NaO2 as a
discharge product, rather than a peroxide.62 This observation
has led some researchers to propose sodium/air as an
alternative to lithium/air batteries.
In addition to the challenges associated with sulfur or air

cathodes, there are still safety and reliability concerns associated
with the cycling of lithium metal in these cells. This has
prompted renewed interest in solid electrolytes, whether used
in a hybrid design as a protective layer for lithium metal
combined with an aqueous or organic electrolytic solution on
the cathode side or in completely solid-state devices. Thin film
solid-state lithium microbatteries utilizing glassy electro-
lytes63,64 have long been known to exhibit impressive cycle
lives without dendritic growth. They require expensive vacuum
deposition techniques to make, however, and the thin formats
result in low energy densities, limiting practical applications.
The recent discovery of several new high conductivity glasses,
glass-ceramic, and crystalline materials such as garnet structures
(e.g., Li7−xLa3Zr2O12, LLZO) and Li10GeP2S12 (LGPS)65,66

have reignited activity in the field, along with the promise of
solving the safety and cycling problems of secondary batteries
with lithium anodes. To become reality, lower cost processing
techniques are needed, as well as careful engineering of solid−
solid interfaces to ensure reliable cycling of capacities
comparable to those in lithium-ion batteries. Solid polymer
electrolytes, which have been studied since the late 1980’s, are
another solution for ensuring reliable cycling of lithium;67 these
are used in the short term rental cars available in Paris, known
as the BlueCar (http://www.pininfarina.com/en/pininfarina_
bluecar/?category_nav=sustainable).

Batteries based on other alkali metals or alkaline earths are
also under consideration. Concerns over lithium supply
security68 have stimulated research on sodium-ion batteries,
which, in principle, operate like the lithium-ion analogs.
Research has focused primarily on development of new
electrode materials,69 particularly for anodes, because graphite
does not intercalate sodium to any significant degree. The
ability to leverage engineering knowledge gained over 25 years
of work on lithium ion batteries means that progress has been
rapid in this field. For example, Na-ion batteries with energy
densities exceeding that of Li-ion batteries containing LiFePO4
have already been demonstrated in a 3 Ah prismatic cell format,
with claims of better safety for the sodium-containing cells
(http://www.faradion.co.uk/technology/sodium-ion-
technology/).
Batteries with Mg anodes are in a much less advanced stage

of development. A report of a magnesium battery using a
Chevrel phase MoS8 cathode and a magnesium organo-
haloaluminate electrolyte70 demonstrated the feasibility of the
system. However, cathodes with higher voltages and/or
capacities, such as oxides, are needed to fully realize the high
theoretical energy density promised by this system.71 Better
electrolytes that both allow stripping and plating of magnesium
and operation of higher voltage cathodes also need to be
developed. Recent reports of reversible stripping and plating of
calcium72 in an organic electrolytic solution, and insertion of
calcium ions into a Prussian blue host,73 raise the intriguing
possibility of a rechargeable calcium battery, but this is still at
the proof-of-principle stage.
Details of the operation of these batteries, whether in

advanced states-of-development like Li-ion systems, or nascent,
as in some of the Beyond Lithium Ion chemistries described
above, are amenable to study using synchrotron techniques.

Figure 2. A scheme showing the components of an electrochemical device (solid state device shown in the upper right corner). In spite of the fact
that these devices are made up of only a few components, there are myriad complex phenomena over a range of temporal and spatial scales that
govern their behavior, many of which are shown here.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.7b00007
Chem. Rev. XXXX, XXX, XXX−XXX

E

http://www.pininfarina.com/en/pininfarina_bluecar/?category_nav=sustainable
http://www.pininfarina.com/en/pininfarina_bluecar/?category_nav=sustainable
http://www.faradion.co.uk/technology/sodium-ion-technology/
http://www.faradion.co.uk/technology/sodium-ion-technology/
http://dx.doi.org/10.1021/acs.chemrev.7b00007


The ability to study multiple length scales from the macro-
scopic (e.g., systems level problems such as battery safety) to
the microscopic (behavior of electrodes and materials during
cycling under a variety of conditions) and below (e.g.,
electronic structures of materials) at synchrotron facilities
provides ample opportunities for understanding the functioning
of these devices. Ex situ studies using laboratory X-ray sources
and other characterization techniques are important for
understanding equilibrium behavior of battery materials, and
improved fundamental understanding of battery operation may
be obtained from high-energy synchrotron X-ray studies.
Particularly for fast charge rates, which are technologically
most relevant, in situ properties can significantly change from
the equilibrium behavior. Understanding of nonequilibrium
pathways are indispensable for achieving better battery
operation. Synchrotron sources, due to their high power and
flux, are ideally suited for rapid in situ studies. Materials can be
studied in the real environment, and structural information can
be gained in seconds.74,75 At this point, it is necessary to define
the terms “in situ” and “in operando”. In situ means in position,
while in operando represents a special case of in situ, where the
battery is in operation. In this review, most studies satisfy both
in situ and in operando definitions because X-ray character-
izations are done during the operation of batteries and the
position of batteries are not moved during data acquisition.
Therefore, these two terms can be used interchangeably. We
would also like to emphasize that in situ provides the benefit of
measuring a real-world sample, but in soft X-ray spectroscopy,
data from in situ experiments are much more complicated to
interpret and the much worse signal-to-noise ratio eliminates
many possibilities of detailed quantitative analysis. At this time,
unless the intention is specifically to study dynamic processes,
ex situ spectroscopic experiments will not be replaced by in situ
ones for soft X-rays, and they will remain as the major probe
technique for technical reasons. In the next section, we outline
the grand challenges associated with the rechargeable batteries
described above, and subsequently, we review the applications
of synchrotron X-ray analytical techniques in understanding
battery chemistries (ex situ, in situ, and in operando) and
describe how the obtained knowledge can help better design
next-generation rechargeable batteries.

2.3. Grand Challenges in Rechargeable Batteries

The electrochemical cells that make up batteries are, at first
glance, simple devices consisting of only a few components. A
closer look, however, reveals their complexity (Figure 2).
Phenomena pertinent to the functioning of batteries occur over
wide spatial and temporal ranges. For example, double-layer
charging occurs in milliseconds or less,76 but degradation
contributing to capacity decay may occur quickly or very slowly,
on timescales that can span from fractions of seconds to
months or even years. These may be chemical reactions that
occur on the molecular level at interfaces that may span only a
few nanometers across, or they can be in the form of bulk
changes over large areas, such as mechanical degradation due to
volume changes in electrode active materials undergoing redox
reactions. To complicate matters further, electrochemical,
mechanical, and chemical processes can be coupled (e.g.,
particle fracture due to volume changes induced by redox
reactions, which exposes fresh reactive surfaces, results in
excessive consumption of electrolytic solution to form fresh SEI
layers on these surfaces, a well-known problem for silicon
anodes for LIBs). These processes are often dependent on

state-of-charge and whether the system is at rest (in
equilibrium) or operating under dynamic conditions (far
from equilibrium) as well as the rate at which the cell is
being charged or discharged. In some cases, performance is
dependent upon certain physical characteristics of a material,
such as particle size. Nanometric materials may exhibit
considerably different phase behavior than conventionally
sized powders, as well as exacerbated reactivity with electrolytic
solutions because of increased surface area, in some cases.
These complexities can present considerable challenges to the
scientist wishing to understand the behavior of battery
materials. Time constraints often require that experiments be
carried out ex situ (it is not usually practical to carry out long
cycling experiments at a beamline, for example), but then only
information about the system in equilibrium is captured. These
experiments may be necessary and important as a first step,
particularly for new battery systems where little is known, but
more sophisticated in situ or in operando experiments are often
required to gain a sufficient understanding about systems
undergoing dynamic changes. In addition to the aforemen-
tioned time constraint issue, cell design may introduce artifacts
into the data, and signals from cell hardware can interfere with
those arising from the materials of interest, so that these
experiments must be designed and interpreted with care.
These complexities often mean that a multimodal approach

is needed to fully understand the functioning of a battery
material as it is charged, discharged, cycled, aged, or subjected
to abuse testing. Depending on the question being asked, a high
degree of chemical specificity and sensitivity or temporal and/
or spatial resolution may be required. A number of
sophisticated synchrotron techniques are now available, which
can be combined with advanced microscopy and conventional
laboratory physical and electrochemical characterization to
form a full picture of the behavior of battery materials of
interest. A short discussion of typical problems of interest to
battery scientists follows directly, and Table S1 summarizes
techniques covered in this article.
As the redox active components in a functioning battery

undergo charge and discharge, changes to their bulk crystal and
electronic structures occur, which may have profound effects on
the functioning of devices. Candidate electrodes may exhibit
solid solution behavior and/or one or more reversible or
irreversible phase transitions during normal or abusive cycling
conditions, such as overcharge or overdischarge, which may be
encountered during use in the real world. Capacity loss could
occur even in chemically reversible processes if changes in
lattice parameters or unit cell volumes are enough to create
significant strain or even particle fracture, and may further lead
to disconnection in the composite electrodes. Detailed
information about structural changes during electrochemical
processes not only lend insight into failure modes of devices
but also allow a rapid assessment as to the possible utility of
new electrode materials, as well as optimal operating conditions
such as voltage limits. This is particularly important for Beyond
Lithium systems such as Na-ion or Mg and Ca batteries, where
the search for new electrode materials is very active and
relatively little is known.
Understanding what bulk structural changes occur under a

variety of abuse conditions (e.g., at elevated operational
temperatures) is also critical for assessing aspects of safety.
For example, the temperature at which phase conversions
involving loss of oxygen occur in oxide electrodes provides
information about thermal stability, which in turn has
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implications for the propensity of a device to catch fire or
explode. In electrode materials containing more than one
electroactive metal, there may be questions as to which one is
undergoing changes in redox states at any given point during
charge or discharge. This can help narrow options when the
potential compositional space is large and complex (such as for
oxides containing Li, Ni, Mn, and Co).
Subtle structural features such as cation ordering may affect

electrochemical properties but also may be difficult to detect
using common laboratory techniques. For example, ordered
(space group P4332) and disordered (space group Fd3 ̅m)
LiNi0.5Mn1.5O4 spinel samples show different phase behavior
during charge, and the former appears to be more kinetically
limited than the latter,77 but it is often difficult to distinguish
the two types of polymorphs using laboratory diffractometers.
High-resolution X-ray diffraction is often required to discern
these subtle structural variations. Orientation effects of grains in
polycrystalline thin films of electrode active materials or solid
electrolytes affect both total conductivities and rates of ion
diffusion profoundly. Micro- or nanoscale structural details are
needed to understand these effects.
The interfacial and surface characteristics of components in

electrochemical cells are also extremely important in determin-
ing cycling behavior. It is not an exaggeration to say that
successful functioning of Li-ion batteries depends crucially on
the proper formation of the solid electrolyte interface on anode
surfaces. Although the phenomenon of lithium intercalation
into graphite was known for years before the advent of the
modern lithium-ion battery,78 it was not until researchers
discovered the critical role of ethylene carbonate in passivating
carbon surfaces that the system could be made reversible and
practical devices could be engineered. Inefficiencies in SEI
formation associated with large volume changes (such as for
silicon electrodes) or under some abuse conditions adversely
affect cycle life and, in extreme cases, compromise the safety of
devices. Understanding the SEI presents numerous challenges,
as it is normally very thin (a few to a few hundred nanometers
thick) and its composition and physical characteristics vary with
the conditions of the formation cycle, type of anode and system
(Na-ion vs Li-ion, for example), the use of additives,
temperature, etc.
In addition to the all-important SEI, reaction layers on

cathode surfaces are of interest. While rarely completely
passivating, these cathode electrolyte interfaces (CEI) can
impact the functioning of batteries by, for example, increasing
cell impedance. The composition and thickness of the CEI
varies with cell cycling conditions including operating temper-
ature and voltage limits used. For example, even at slightly
elevated temperatures of about 50 °C, dissolution of transition
metals may be exacerbated. Dissolved ions may form complexes
with decomposition products of the electrolytic solution and
precipitate at cathode surfaces.79 Alternatively, dissolved ions or
complexes may migrate to the anode and disrupt the SEI. The
latter process is thought to be a factor in the relatively short
cycle life of cells containing manganese oxide spinel cathodes.80

The surfaces of active electrode materials themselves may
undergo phase reconstruction during cycling or storage under a
variety of conditions. These surface layers often have a strong
impact on the electrochemistry, particularly if phases are
formed through which lithium ions have low mobility. Because
these layers are often extremely thin, they are not detectable
using techniques that probe bulk structures such as conven-
tional X-ray diffraction. Even sophisticated transmission

electron microscopy (TEM) plus core level spectroscopy
techniques such as electron energy loss spectroscopy (EELS)
can usually provide detailed information on only a few particles
at a time, so that there is always a question of whether the
results are anomalous or typical of the sample as a whole. To
provide a complete picture, it is necessary to employ techniques
that allow probing of a much larger number of particles in
addition to the microscopy.
Surface and interfacial properties of solid electrolytes, such as

those consisting of ceramic materials, also strongly affect their
electrochemical behavior. Ideally, these components are
extremely thin (on the order of microns or tens of microns),
so that any interfacial or surface reactions (e.g., occurring
during processing) resulting in the production of impurity
phases bear an outsize influence on their properties and can be
extremely difficult to characterize due to the small amounts that
are produced. Likewise, the chemistry of grain boundaries in
polycrystalline films is similarly difficult to probe but can
dominate the electrochemical behavior.
Interfaces and surface regions vary considerably in their

structure, complexity, and composition and have a profound
impact on electrochemical behavior. They are frequently not
homogeneous throughout their thicknesses, so the ability to
study buried interfaces is particularly valuable. Their study
requires surface-sensitive techniques, preferably those with
depth profiling capabilities.
Redox processes involving battery materials can be quite

complex, encompassing a variety of behaviors including
dissolution/precipitation reactions, one or multiple phase
transitions, and/or solid solution reactions. Active materials
are often solids, but some dissolve into the electrolytic solutions
and some are even gases. In some cases, one or both end-
members and/or intermediates have low electronic or ionic
conductivity. Cell malfunctioning and premature failure may
occur as a result of interrupted electron and ion conducting
pathways due to the distribution of these insulating phases.
Fundamental information about how these reactions proceed is
necessary to optimize cell and electrode design and guarantee
robust and safe cycling. For example, in Li/S batteries,
polysulfide intermediates formed upon cell discharge dissolve
into the electrolytic solution and shuttle between the negative
and positive electrodes. Eventually, insulating Li2S precipitates,
preventing further passage of current and causing premature
polarization. To prevent or minimize crossover of intermedi-
ates, cells have been designed with protective or size-excluding
membranes and specialized carbon morphologies in cathodes,
which can act as traps for polysulfides. To determine the
efficacy of these approaches, specific information about
speciation is required, particularly in operating cells with
realistic loadings and low amounts of electrolytic solution.
Similarly, Li/O2 cells may polarize prematurely, well before

reactants are completely consumed, because the insoluble Li2O2
product is electronically insulating. Once there is enough Li2O2
to completely cover the carbon electrode to a critical thickness,
the flow of electrons to the active surfaces is inhibited and
further reaction cannot occur.56 Conversion electrodes
discharge to form a mixture of metallic nanoparticles and an
insulating phase such as Li2O. Many of these electrodes can be
recharged, implying that unbroken electronically conducting
pathways are formed, sufficient to support electron transport,
but details on this are scarce. Another example involves the
LiFePO4 electrode, which undergoes a two-phase charge/
discharge process throughout the entire composition range,
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with FePO4 produced as the oxidation product. Both LiFePO4

and FePO4 have low electronic conductivities, and yet
electrodes can be cycled successfully, often at very high rates.
To explain this, researchers have postulated the existence of
solid solutions, LixFePO4 and Li1−xFePO4, close to the end of
charge and discharge, which can support transport of ions and
electrons. Considerable evidence for the existence of solid
solutions, particularly in nanometric olivine LiFePO4, has now
been observed to support this theory.80 Clearly, the distribution
of these phases in particles and/or electrodes as a function of
state-of-charge is key to understanding how these systems
function or how they fail. In addition, information about how
phases propagate in composite electrodes may give valuable
clues to reaction mechanisms. In all of these cases, methods to
map or image phase distributions in particles or in electrodes
are extremely useful, and may be especially helpful in
optimizing particle morphologies, composite electrode fabrica-
tion, and cell design.
Other instances in which imaging and mapping techniques

may be of use involve identifying inhomogeneities in cells that
have been cycled at high rates or under abuse conditions, have
fabrication flaws, or in those that have unusual designs, such as
thicker-than-normal electrodes. The latter is particularly
important because one straightforward way to increase energy
density in batteries may simply be to increase electrode areal
capacity. How to do this without compromising power
capability or complicating manufacturing is not yet clear,
however. The distribution of phases throughout cycled
electrodes may give useful information about current
distributions in operating cells, important from the standpoints
of safety, quality control, and cell design.
Finally, the need for greener, less costly, and less energy-

intensive manufacturing and recycling processes is becoming
more apparent as lithium-ion batteries increasingly penetrate
the vehicular market and are being considered for large-scale
energy storage. The ability to monitor the synthesis or
recapture of battery materials in real time under realistic
conditions would be a real boon for achieving these goals.

Figure 3 summarizes the grand challenges in battery science
as outlined in this section. As will be demonstrated in the
following sections, a wide variety of synchrotron X-ray
techniques are available, which can offer deep insights into
these questions. The nearly nondestructive nature of these
techniques, as well as options to perform a wide range of
experiments in or ex situ or in operando are particular
advantages to using these facilities. As time has gone on, these
experiments have become increasingly sophisticated, matching
the explosive growth in interest in battery science.

3. BRIEF OVERVIEW OF SYNCHROTRON RADIATION

3.1. Generation of X-rays

Synchrotron radiation is based on an important theorem of
classical electrodynamics: if a charged particle undergoes a
change of direction at a relativistic speed, electromagnetic
radiation will be emitted as a narrow cone tangent to the path
of the moving particle. In a synchrotron facility, bunches of
electrons are filled and accelerated to a final energy of about
1.5−8 GeV, close to the speed of light, and maintain at a fixed
energy in the storage ring (by a RF field in a microwave cavity).
Electromagnetic radiation is generated when the electron
bunches are accelerated (bent) by magnetic fields. In the
simplest case, a single dipole (bending) magnet causes the
electrons to move along a curved trajectory (according to F = v
× B, following the right-hand rule), corresponding to an
(centrifugal) acceleration that emits a wide fan of electro-
magnetic radiation that covers a broad energy range along the
moving curve, as schematically shown in Figure 4a. In straight
sections, more intensity can be emitted in, and a periodic
magnetic structure, the so-called undulator, causes the electrons
to move with angular excursions without a net change of
direction. For small angular excursions, the emitted radiation
can add up coherently, causing constructive (and destructive)
interference at particular wavelengths giving rise to harmonics.
As indicated in Figure 4b, the energy bandwidth from
harmonics is inversely proportional to the number of magnetic
groups, N, and the angular spread is further reduced by the
inverse square root of N. Modern synchrotron facilities operate

Figure 3. Schematic of grand challenges for rechargeable batteries.
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with various other kinds of magnetic structures both to
maintain the focus of the electron orbits and to obtain X-ray
radiation with different properties. A complete discussion of the
physics of synchrotron radiation is outside the scope of this
review, but interested readers are referred to more detailed
reviews and books on synchrotron radiation.81

3.2. Differences between Hard and Soft X-rays

Compared with laboratory X-ray sources, one of the advantages
of synchrotron radiation is the continuously tunable photon
energy across a wide range with pertained high brightness and
flux. Figure 5 shows one classification of the different photon
energy ranges that can be accessed through synchrotron
radiation. The colored bands indicate the narrow range of light
that is visible to human eyes. At this time, the whole range of
wavelengths has been utilized for studying battery materials
through both ex situ and in situ experiments. For example,
synchrotron-based infrared (IR) provides superior brightness
and spatial resolution for FTIR studies;82 ultraviolet (UV) and
soft X-rays are widely used for chemical analysis at surfaces, and
hard X-rays have been broadly employed in the battery field for
probing bulk lattice and electronic structures. This review is by
no means able to cover the vast field of all the synchrotron
techniques, instead focusing specifically on the synchrotron-
based X-ray techniques with the highest applicability for
understanding and improving battery materials.
The definition of X-ray “hardness” intuitively stems from the

fact that the soft and hard X-ray photons penetrate shallow and
thick matters, respectively. Soft X-rays have a photon energy
range of several tens of electron volts (eVs) to about 2 keV,
whereas hard X-rays are classified to start from a few keV to
tens of keV. The intermediate energy range that falls in the
middle of the soft and hard X-ray ranges (including sulfur K-
edge energy), designated “tender” X-rays, has attracted
increased attention recently, partly due to the rapidly growing
interest in battery materials such as S. The different energies
(i.e., wavelengths) of the X-ray photons determine their
applicability in probing the real-space ordering in materials
through diffraction. Short wavelengths allow bulk lattice
structure determination through XRD, while the longer

wavelengths of the soft X-rays enable the probes of the long-
range order of the electronic structure and overall morphology
in the scale from a few nanometers to hundreds of
nanometers.83

In addition to the differences in the photon energy range,
there are several other contrasting properties between the hard
and soft X-ray techniques that are relevant to battery material
studies. Fundamentally, these differences result from the
different scales of the interactions of X-ray photons with
matter. The strength of the interaction is described in the terms
of the atomic scattering cross section and/or absorption cross
section, which defines the energy-dependent effective area of an
atom when an X-ray photon strikes it. Figure 5b displays an
example of the photoabsorption cross section of an Fe atom
within the full energy range of 100−10000 eV. The cross-
section values at the soft (about 710 eV) and hard (about 7100
eV) X-ray absorption edges correspond to the excitations of a
2p and 1s core−electron, respectively. As is generally true
across the periodic table, the absorption cross section in the
soft X-ray range is over two orders of magnitude stronger than
that in the range of hard X-rays. These different levels of the
interaction strength lead to very different probing depths. For
the photon-in-photon-out (PIPO) techniques, the probe
depths of soft X-ray techniques vary from about 100 nm to
hundreds of nanometers depending on the incident photon
energies. However, hard X-ray techniques can easily provide
probing depths in the microns and millimeters ranges, which
allow for directly studying reactions under a variety of
conditions. Benefiting from its deep penetration depth, in situ
experiments with hard X-rays have been extensively employed
for studying battery materials under operating conditions.

Figure 4. Schematic diagrams of the generation of synchrotron
radiation by injecting electron bunches into (a) one group of bending
magnets or (b) an undulator with a parodic magnetic structure. (a)
The photon spectra on the right show the broad energy distribution of
the radiation based on bending magnets, (b) compared with the
narrow energy range with a small angular divergence of the beam
based on undulator.

Figure 5. (a) Nominal classification of the different photon energy
ranges that are accessible through synchrotron radiation, where the
colored bands represent the visible light range. Note that today’s
synchrotron X-ray experiments sometimes utilize hard X-ray energy
beyond the scale shown in (a) and above 102 keV. (b) Absorption
cross section of iron (Fe) within the full energy range of 100−10000
eV. The photoionization cross section for an iron atom across the soft
and hard X-ray regime, showing the Fe core-ionization (edges) in the
soft (Fe 2p core ionization, Fe L-edge, about 710 eV) and hard (Fe 1s
core ionization, Fe K-edge, about 7100 eV) X-ray region. The figure
was used with permission from ref 81. Copyright 2000 Cambridge
University Press.
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Although modern soft X-ray systems also enable various kinds
of in situ experiments in electrochemical devices,84 the
information obtained through hard X-ray and soft X-ray
analytical techniques are often complementary and with points
of interest at different length scales. Another critical contrast
between the hard and soft X-ray PIPO spectroscopy is the very
different excitation/decay channels when the X-ray photon
energy is absorbed by the electrons. In core-level spectroscopy
techniques, if the excited core electrons remain in the material
(i.e., not directly onto the detector as a photoelectron), the
excitation or transaction probability W is governed by the
Fermi Golden Rule: Wfi = (2π/ℏ)|<Φf|T|Φi>|

2δ(Ef − Ei − ℏΩ),
between the initial state Φi and final state Φf, with the transition
operator T that is regulated by the dipole selection rule of Δl =
± 1. Therefore, the K and L edges of X-ray techniques
intrinsically correspond to the excitations of the s and p core
electrons to the p and d states, respectively. The dipole
selection rule defines the orbitals of the final states with high
enough count rate to be detected by experiments. This leads to
an important difference of the excited states between the soft
and hard X-ray core-level excitation processes, in addition to
the typical coverage of the low Z (soft X-ray) and high Z (hard
X-ray) elements due to the core level binding energies. A
typical example is the absorption and emission process of 3d
transition metals, where soft X-ray probes the 3d states through
2p to 3d excitations, but hard X-ray probes the 4p states
through the 1s to 4p excitations with a weak quadrupole 3d
feature at a lower energy. The different excitation processes also
determine the very different theoretical approaches in the
interpretation of the experimental spectra, and the 3d state
features detected through the soft and hard X-ray spectroscopy
principally comprises different levels of information on the 3d
transition metals. For photon-in-electron-out (PIEO) techni-
ques using electron yield including X-ray photoelectron
spectroscopy (XPS) and X-ray absorption spectroscopy

(XAS), the probe depth depends on the electron escape
depth at different kinetic energies. The probing depth varies
from several Ångströms to several nanometers (in the soft X-
ray regime) to 10s of nanometers for harder X-rays.
Figure 6 shows the comparison of the hard X-ray Fe K-edge

XAS and the soft X-ray Fe-L3 edge soft XAS of LixFePO4 with
lithiation levels of x = 0, 0.75, and 1. The Fe−K XAS displays
the leading edge shift of the main 1s to 4p excitation, with a
weak quadrupole 1s to 3d feature at about 7113 eV indicated by
the arrows. The Fe-L3 soft XAS displays a complete change of
the spectral line shape, which directly corresponds to the
reconfiguration of the Fe 3d electron states at different
lithiation levels.85 This increased sensitivity at the L-edge is a
combination of the direct dipole transition into the 3d-derived
frontier orbitals and the sharper line widths in the soft X-ray
regime. This sensitivity often comes at the cost of less flexibility
in the sample environment than what is offered at higher
energies.
An alternative technique, hard X-ray Raman Scattering (hard

XRS) can access soft X-ray edges through inelastic scattering,
and when measured within the low-momentum transfer regime
(i.e., a small deflection angle), the c transitions provide identical
information to soft XAS86 (dipole) transitions. The hard XRS,
although with low statistics and resolution compared with soft
XAS, circumvents the issue with the shallow probing depth of
low-energy soft X-rays, and uniquely provides a bulk probe of
low-energy excitations in the materials of interest.87 Figure 6c is
the hard XRS spectra collected on the same samples used for
the soft XAS. Although the resolution and signal-to-noise ratio
of hard XRS is relatively low, the contrast of the bulk signal of
the Li0.75FePO4 with that of the soft XAS result is clearly
shown. The hard XRS line shape at the intermediate lithiation
level shows a lithiation level that is consistent with the bulk
lithiation level of x = 0.75. However, the soft XAS shows a
much lower lithiation level (x = 0.48) on the surface, indicating

Figure 6. Direct comparison of (a) the hard X-ray Fe−K edge XAS, (b) the soft X-ray Fe-L3 edge soft XAS, and (c) the hard X-ray Raman Scattering
of the same batches of LixFePO4 with lithiation levels of x = 0., 0.75, and 1. The arrows in (a) indicate the 1s-3d quadrupole excitations but without
the multiplet effects that often manifest themselves as the sharp features in the L edge spectra. Hard X-ray Raman scattering benefits from its deep
probe depth but with relatively low detection efficiency. Data reproduced from ref 84. Copyright 2014 John Wiley and Sons. Data reproduced from
ref 85. Copyright 2012 American Chemical Society.
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the surfaces of the particles consist of a lithium poor (oxidized)
phase.84 This observation is in contrast to what was observed in
NMC materials using soft XAS, where the surface nickel is less
oxidized than in the bulk.88,89 At this time, the detection
efficiency has been greatly improved, which broadens the
applications of XRS in energy materials studies.86 A
combination of diverse X-ray techniques is often needed to
conduct thorough studies for the structural and electronic
properties of the surface, interface, and bulk of a battery
component . Many studies of bat ter ies combine
several techniques to reveal the chemistry at multiple length
scales.90,91 The combination entails a number of X-ray
techniques including diffraction, spectroscopy, and imaging,
most of which are covered in this work.

4. APPLICATION OF SYNCHROTRON X-RAYS TO
RECHARGEABLE BATTERIES

4.1. X-ray Diffraction (XRD)

XRD is widely applied to determine the structural properties of
crystalline or partially crystalline battery materials. The obvious
advantages of X-rays as compared to other probes are their high
penetration power combined with the exceptional sensitivity of
Bragg diffraction, allowing the study of structural dynamics. In
an XRD experiment, the X-ray beam typically illuminates a
large ensemble of particles, which are randomly oriented, but in
the illuminated ensemble there will be a number of particles,
which satisfy the Bragg condition. XRD data is collected for a
range of scattering angles, and analysis allows determination of
the crystal structure of the material under study. X-ray powder
diffraction can be used to identify the lattice parameters of
different phases and the relative contents of the different phases
in a mixture. Microstructure information, such as crystal or
grain size, strain, and texture, can also be quantitatively
determined by analyzing the XRD patterns. The high intensity

of X-ray photon fluxes provided by synchrotron facilities are
advantageous for time-resolved studies, but the basic principle
of synchrotron-based XRD is the same as conventional XRD
using laboratory X-ray sources. In fact, most powder XRD
measurements can be performed in the laboratory, even for in
situ or in operando experiments, provided that the data
collection time is long enough to obtain a satisfactory signal/
noise ratio. In practice, the high brilliance, high collimation, and
widely tunable energy range of synchrotron facilities confer
significant benefits due to the capability of penetrating through
cell components and collecting data with high spatial and
temporal resolution. Using high-energy synchrotron X-ray
beams, even commercial batteries (e.g., coin cells, 18650
cells) can be investigated directly without any modifica-
tion.92−95

In situ or in operando XRD measurements have been widely
used to study structural changes of battery materials during
electrochemical processes using synchrotron light sources.
Almost all lithium ion battery electrode materials, such as
insertion type materials (i.e., LiCoO2, LiMn2O4, LiFePO4,
etc.),96−116 conversion-type materials,117−119 and alloy materi-
als120−124 have been studied by ex situ or in situ synchrotron
XRD. In the following discussion, we will discuss the
application of XRD to LiFePO4 materials, solid-state electro-
lytes, layered cathode materials, and silver batteries. We will
also discuss the pair distribution function (PDF) analysis of
scattering data and the comparison between XRD and neutron
diffraction.

4.1.1. XRD During Electrochemical Processes: Equili-
brium and Non-Equilibrium Phase Transitions. LiFePO4
is a cathode material of great scientific interest and has been
used in some commercial batteries.125 A two-phase reaction
mechanism occurs during charge and has been verified by many
in situ and ex situ XRD studies.105,126,127 It is known that both

Figure 7. Ex situ XRD patterns of LixFePO4 electrodes collected at various states of charge during the 1st cycle of Li/LiFePO4 cells. Miller indices
are given in the Pnma space group for selected reflections for the Li-rich phase (Li1−εPO4) and for the Li-deficient phase (LiεFePO4). The Miller
indices of LiεFePO4 are underlined in the figure. Shown on the right is the magnified view of the (200) diffraction lines. Reprinted with permission
from ref 127. Copyright 2008 Macmillan Publishers Ltd.
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LiFePO4 and FePO4 are very poor electronic and ionic
conductors. However, LiFePO4 displays good rate capability
when the primary particles are nanosized. Many studies have
been performed to reveal how the intercalation reaction occurs
in LiFePO4 at the microscopic scale. The most widely accepted
model, named the “domino-cascade” model, was proposed by
Delmas and co-workers.127 They carefully analyzed the ex situ
XRD data collected at different states of charge (SOCs) and
found that the coherent domain length of both LiFePO4 and
FePO4 did not change significantly during the entire
delithiation process (Figure 7). This indicates that the
individual particles were either fully delithiated or fully lithiated
and none were partially lithiated. They concluded that the
lithium intercalation/deintercalation process proceeded
through a LiFePO4/FePO4 two-phase reaction at a very high
rate. Once the delithiation was initiated in a given LiFePO4
particle, it proceeded very rapidly through the whole particle.
Their work stimulated intensive theoretical and experimental
work thereafter.128−130

However, this work was based on steady-state results (either
after relaxation or under quasi-equilibrium conditions with low
charge rates). Ab initio calculations predict that delithiation of a
single LiFePO4 particle (or lithiation of a single FePO4 particle)
may proceed via a nonequilibrium single phase LixFePO4 (0 < x
< 1) with overpotential, bypassing the nucleation and
LiFePO4−FePO4 two-phase pathway.131 The metastable
LixFePO4 phase relaxes to form LiFePO4 and FePO4 once
the overpotential is removed. Phase field simulation also

suggests that the phase separation is suppressed through the
formation of an intermediate phase under high currents. In
order to verify this hypothesis as well as to understand the high
rate behavior of LiFePO4, it is important to probe the phase
transformation under high rate cycling conditions in real time.
In situ synchrotron XRD provides a tool for fast data collection
to capture the structural changes of the material under high rate
cycling conditions.
Orikasa et al. studied the phase transformation between

LiFePO4 and FePO4 during nonequilibrium battery operation
using time-resolved in situ synchrotron XRD.132 A metastable
crystal phase with an intermediate composition of
Li0.6−0.75FePO4 was observed in micron-sized LiFePO4 under
high rate conditions (10C). This was the first observation of the
metastable phase during electrochemical delithiation of LiFe-
PO4, and it supports the hypothesis of formation of a
nonequilibrium solid solution under high rate cycling, rather
than the distinct LiFePO4/FePO4 interface seen at low rate
cycling. Liu et al. also observed the nonequilibrium solid
solution phase (LixFePO4) in nanosized LiFePO4 (∼190 nm)
during high rate cycling.113 They observed that the reflections
of the XRD patterns started to broaden asymmetrically toward
higher angles, which cannot be explained by size induced peak
broadening (Figure 8, nucleation of the new phase). By
comparing the experimental results with the simulated XRD, it
was revealed that the asymmetric peak broadening was caused
by compositional variation of the intermediate LixFePO4 phase.
In addition, the composition of the intermediate phase in

Figure 8. In situ XRD patterns of a Li/LiFePO4 cell at a rate of 10 C. (a) The image plot for (200), (211), (020), and (301) reflections during the
first five cycles and (b) selected individual diffraction patterns during the first two cycles are stacked. (c) Simulated reflection profiles with a
continuous Li compositional variation in LixFePO4. Reprinted with permission from ref 113. Copyright 2014 American Association for the
Advancement of Science.
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nanosized LiFePO4 was found to span the entire range between
LiFePO4 and FePO4 (LixFePO4, 0 < x < 1), rather than the
relatively narrow region (Li0.6−0.75FePO4) observed by Orikasa
et al. in microsized LiFePO4. This confirms the hypothesis that
phase transitions in LiFePO4 proceed via continuous structural
changes (or intermediate phases) at high cycling rates instead
of the distinct LiFePO4/FePO4 phase transition at low rate and
helps to explain the good high rate capability of the LiFePO4.
These studies also highlight the importance of studying the
nonequilibrium phase transition behavior of the battery
materials under high rate cycling conditions, which might be
quite different than the equilibrium phase transition behavior.
Time-resolved in situ synchrotron XRD is a powerful tool for
studying fast structural changes with appropriate temporal
resolution.
4.1.2. Microbeam XRD and Grazing Incidence XRD.

The advent of highly efficient X-ray focusing optics allied with
the high flux and high collimation available at synchrotron
sources have made the use of X-ray microprobes routine on
many beamlines. In the hard X-ray domain, both Fresnel zone
plates and multilayer mirrors in Kirkpatrick-Baez configuration
have achieved X-ray spot size below 20 nm.133,134 Maintaining
spot sizes that small could be quite challenging, requiring in
addition to state-of-the-art optics, a sophisticated vibration
damping system, beam stabilization, and temperature control.
That is why, today, most hard X-ray microprobe beamlines
provide X-ray beam sizes on the order of 0.2 to 5 μm.135−139

Hard X-ray microprobes are ideal for probing crystal
structure (X-ray microdiffraction) and chemistry (X-ray
microabsorption and microfluorescence spectroscopies).
When used in scanning mode (sample is raster scanned
under the X-ray microbeam), a hard X-ray microprobe provides
spatially resolved maps of the distribution of phases, chemical
states, and elements in the sample. X-ray microdiffraction and

microspectroscopic techniques are often used in combination
on the same beamline. With its capability of quantitatively
probing microstructure (identification of minute particles of
crystalline phases, measurement of local crystal orientation,
strain and defect density), synchrotron X-ray microdiffraction
has been successfully employed for a number of materials
science related problems, such as monitoring strain and defect
buildups during in situ electromigration experiment on
interconnects,140 measuring residual stress in quartz samples
from the San Andreas fault,141 or monitoring crystal phase
distribution in VO2.

142 With X-ray microdiffraction, sample
rotation should in general be avoided as rotation has the effect
of modifying the sample probed volume and thus of removing
the benefit of spatial resolution provided by a micron or
submicron X-ray beam. Sample rotation is also generally not
possible for composite materials such as batteries as different
components of the sample and ancillary equipment would
come into diffraction at different rotation angles. X-ray
microdiffraction with a monochromatic beam should therefore
be limited to cases when the diffracting materials are
polycrystalline with grain size well below the size of the beam
such as nanocrystallized samples with a micron size beam. This
consists in adopting the powder diffraction approach of
microdiffraction when a multitude of grains will statistically
be in Bragg conditions to diffract. For samples with grain size
on the order or larger than the X-ray beam size, an alternative
approach is to use polychromatic (white or pink) radiation, so
that Bragg conditions are satisfied simultaneously for multiple
wavelengths for each grain. This consists of adopting the Laue
diffraction approach of microdiffraction. The first three
examples below are of monochromatic X-ray microdiffraction,
the last one is of Laue (or polychromatic) X-ray micro-
diffraction.

Figure 9. (a) Schematic representation of microbeam X-ray diffraction experimental setup. During the exposure, the sample was continuously
rotated around the vertical axis. (b) Charging voltage curve (C/5) including the evolution of a 2D (200) LFP and (200) FP peak showing the
progressive FP formation and LFP disappearance. (c) Volume evolution of two LFP and FP domains during C/2 discharge rate estimated from the
diffraction spot. (d) Vertical streaks are observed for the LFP (200) reflections, indicating the formation of platelet-shaped domain. (e) (200)
Reflection at 2C charging rate showing coexistence of the LFP and FP phases within a single grain. The dashed lines indicate the powder rings for
the (200) reflections of the LFP and FP phases, indicated as LFP200 and FP200, respectively. Used with permission from ref 115. Copyright 2015
Nature Publishing Group.
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The use of synchrotron microdiffraction for battery materials
has been so far limited and to date only a handful of studies
have taken advantage of it. Robert et al.143 looked at lithiation
into the copper-based oxysulfide Sr2MnO2Cu3.5S3. In this work,
X-ray microfluorescence imaging was used to map elemental
distribution within the electrode at different lithiation stages, in
conjunction with X-ray absorption spectroscopy (XAS,
discussed later) to probe oxidation state and X-ray micro-
diffraction, to identify crystalline species at selected locations on
the sample. The measurements were performed with a
monochromatic X-ray beam spot size of 9 μm by 5 μm. The
data show that lithiation occurs in a two-step process. At first,
Li ions insert themselves in the vacant sites of the electrode
crystalline structure (intercalation). At a later stage, when all
vacant sites are occupied, further Li ions are accommodated in
the structure by displacing the Cu atoms, as seen by the
appearance of the extruded copper reflections in the micro-
diffraction powder patterns.
A microbeam X-ray diffraction study on the rate-dependent

phase transition mechanisms in LiFePO4 particles in lithium
ion batteries was reported by Zhang et al. for the first time.115

For most powder XRD experiments, the X-ray beam probes a
large number of particles with random orientations and the
intensity of a segment or the whole (hkl) reflection ring
collected by the 2D detector is integrated. Therefore, the
results are averaged over a large number of particles (i.e.,
ensemble-averaged), and it is unlikely to distinguish intra-
particle or interparticle multiphase reactions. The uniqueness of
this work is the capability to study several groups of individual
crystal grains with the same orientation by analyzing the
individual diffraction spots with same η angles on different
(hkl) rings. The η value is related to the orientation of the
crystallite, and the shape and size of the spot is related to the
shape and dimension of the phase domain being probed.
Therefore, if multiphase spots appear at the same η angle, an
intraparticle reaction can be assumed. The experiment setup
and important results are shown in Figure 9. Because of the
microsized X-ray beam (1.7 μm) used, the diffraction rings are
broken into individual spots. By rotating the in situ cell to bring
more grains into the beam, hundreds of LiFePO4 grains could
be monitored with good statistics. The results reveal that the
average time of phase transformation time for individual
LiFePO4 crystallites is relatively slower than that expected by
widely advocated particle-by-particle (mosaic) transformation.
The two-phase coexistence within individual particles can be
clearly seen in Figure 9b. Additionally, the observation of
streak-like diffraction spots during charging in Figure 9 (panels
d and e) indicates the platelet-shaped domains of LiFePO4 and
FePO4 in individual crystallites. This is thought to be due to the
fact that the thin platelet-shaped domains with well-defined
interfaces may be responsible for the slow phase transformation
observed under low C-rate discharge, due to the pinning of the
domain walls by defects. With the increase of the charge C-rate,
the thickness of the platelet-shaped domains increases and the
sharp interface boundary becomes more diffuse, resulting in fast
phase transformation. This work provided a new picture of
phase transformations in LiFePO4 as plate-shaped nano-
domains (LiFePO4 and FePO4) coexist in individual particles
and transform into each other during the charge−discharge
process, which is quite different than the widely accepted
particle-by-particle transformation mechanism.
Another study by Liu et al. used X-ray microdiffraction to

probe the charge distribution in a LiFePO4 containing

composite electrode.144 This was obtained by raster-scanning
the sample with a 2 × 5 μm 6.02 keV monochromatic beam,
and the measurement was done on the cross section of a
battery electrode that had been charged to a 50% overall state
of charge. The analysis of the diffraction patterns provided the
relative concentration of the LiFePO4 and FePO4 phases, and
the SOC information was accessible by calculating the FePO4/
LiFePO4 ratio. Results showed an uneven distribution of SOC
across the electrode at a high charge rate. The authors
compared the SOC distributions for electrodes collected from a
prismatic cell and a coin cell. It was observed that in the
prismatic cell, the area closest to the current collector tab had
the highest SOC, whereas in the coin cell the electrode surface
showed higher SOCs. Note that these measurements were
done ex situ, so they represent the equilibrium distribution of
phases in the electrodes.
Microbeam diffraction has also been applied to study the

influence of surface microstructure on the battery performance
of a garnet-structured solid electrolyte (Al-substituted
Li7−xAlxLa3Zr2O12). Garnet structures have a chemical formula
of A3B2(XO4)3, where A, B, and X are 8, 6, and 4 oxygen-
coordinated cationic sites. Li-stuffed garnets contain more than
three lithium ions per formula (e.g., Li7La3Zr2O12 (LLZO) and
Li5La3Ta2O12).

145−147 Weppner and co-workers were the first
to explore garnet lithium ionic conductors.146−149 Cubic LLZO
(space group Ia3d) has approximately 2 orders of magnitude
higher conductivity than the tetragonal variant. This material
was first successfully synthesized by Murugan et al. in 2007.145

Its high ionic conductivity (>10−4 S/cm)145 and apparent
stability against reduction by lithium metal, even when in direct
contact with molten or evaporated lithium, have subsequently
generated a great deal of interest in LLZO and related garnet
structures for use in solid state batteries. Dense solid samples of
ceramic electrolytes prepared for electrochemical and physical
characterization are typically polycrystalline and contain
numerous grain boundaries. Both the bulk structure and the
grain boundaries determine the electrochemical behavior of
polycrystalline ceramic electrolyte conductors.65 For example,
ion transport pathways along low-angle grain boundaries are
more efficient than those along high-angle ones. This is because
high-angle grain boundaries are usually energetically unstable
and can undergo radical structural and compositional
deviations, as has been reported in lithium lanthanum titanate
(LLTO) and lithium aluminum titanium phosphate LATP, two
other important crystalline lithium ion conductors.150,151 Thus,
it is valuable to study how grain boundary orientations affect
electrochemical behaviors. Grain orientation and grain
boundary misorientation distributions can be studied by
synchrotron X-ray Laue microdiffraction, which was done for
LLZO solid electrolyte bulk materials.152 In this technique, X-
ray energies between 6 and 22 keV are usually used, which
delivers a probing depth close to 15 μm. Using the microbeam
diffraction tool, it was found that in both large- and small-
grained LLZO solid electrolytes, the distribution of grain
orientation and grain boundary misorientations were, in fact,
very similar (Figure 10).153 Thus, the observed enhancement in
the electrical properties of the small-grained sample could be
attributed to grain boundary densities but not differences in
geometries.
Grazing incidence X-ray diffraction (GIXRD) has also been

used to characterize thin films of Al-doped LLZO fabricated by
pulsed laser deposition.154 In this technique, the X-ray beam is
directed onto a flat sample at a shallow angle. By varying the
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incident angle, different probing depths can be accessed.
GIXRD is particularly useful for surface characterization and for
profiling the structure of thin samples as a function of depth.
For this study, films were deposited on substrates heated to
various temperatures. The conductivities of these films varied
considerably, although all appeared to be amorphous when
characterized by laboratory X-ray diffraction techniques. Using
GIXRD, it was shown that the topmost surface (<5 nm, probed
at 0.25 degrees) of the most conductive film (1.61x 10−3 mS/
cm) actually consisted of a mixture of tetragonal and cubic
LLZO, and that less conductive films contained a La2Zr2O7
impurity to a depth of about 300 nm (incident angle of 2
degrees).
4.1.3. Energy Dispersive X-ray Diffraction. Taking

advantage of high intensity X-rays covering a large range of
energies from synchrotron X-ray sources, energy dispersive X-

ray diffraction (EDXRD) has been developed and applied
recently to battery material studies. In contrast to most other
powder XRD techniques, where monochromatic X-ray beams
are used and 2θ angles are scanned, EDXRD uses
polychromatic X-ray beams (or so-called white beams) and
the signal is collected at a fixed angle to satisfy the Bragg
conditions using a high-resolution energy dispersive detector.
For powder XRD using monochromic beams, the entire signal
from every part of the in situ cell is recorded, as long as it is in
the optical path of the incident beam. This greatly restricts the
geometry, components, and window materials that can be used
in the cell design. In contrast, for EDXRD, as shown in the
experimental setup (Figure 11), only the diffraction beams from
the red “gauge volume” can reach the detector when a 100 μm
aperture is used.155 This provides not only the capability to
penetrate real battery cells with thick metal cases but also to
probe the electrode materials at different locations in the cell,
such as at interfaces or near the current collector. The Bragg
condition for EDXRD is shown in eq 2, where E is the X-ray
energy in electron volts, dhkl is the spacing associated with a
special interatomic plane (hkl), and b = hc/2 (h is Planck’s
constant, and c is the speed of light).

θ=E b d/[ sin ]hkl (2)

The length of the X-ray beam perpendicular to the incident
plane can be restricted to tens of micrometers, providing the
capability to profile the phase distribution spatially along this
direction. Takeuchi and co-workers conducted the in situ
EDXRD experiment on Li batteries using real coin cells without
windows.155−157 Their work revealed the spatial phase
distribution of Ag2VO2PO4 and the reduction product Ag in
Li/Ag2VO2PO4 cells as well as their phase evolution during
discharge. The reaction front, associated with reduction of the
Ag+ and formation of Ag nanoparticles was visualized and
found to progressively move from the electrode/electrolyte
interface through the thickness of the electrode. Recently, they
reported the rate-dependent spatial phase growth behavior and
correlated it with the rate performance of the Li/Ag2VP2O8
battery. As shown in Figure 11 (panels c and d), the in situ
EDXRD analysis shows that by using lower current densities in
the early stage of discharge, it is possible to form a conducting
metallic silver matrix that is more evenly distributed, resulting
in the opportunity for more complete usage of cathode (higher
practical capacity). Liang et al. also used in situ EDXRD to
monitor the spatial phase distribution in a LiMn2O4-based 2032
coin cell, which is the first application of in situ EDXRD for
studying rechargeable lithium ion batteries.158 Their data show
a moving reaction front within the cell from one electrode to
the other during charge−discharge cycling. The region of the
electrode close to the lithium side reacted ahead of the region
of electrode near the current collector. The inhomogeneous
behavior of phase growth took place on a macroscopic level
inside the coin cell during the entire discharge process.
Paxton et al. also reported observing inhomogeneous

behavior of LiFePO4 cathodes during cycling.159 They studied
the spatial reaction inhomogeneity of an 8 Ah high-capacity
LiFePO4 cell using in situ EDXRD and revealed asynchronous
discharge behavior and incomplete electrode utilization. They
attributed the inhomogeneous behavior to a heterogeneous
conductive coating on LiFePO4 particles. These examples show
the importance of studying real batteries under operando
conditions, since materials at different locations in real batteries

Figure 10. (a) Histograms of angles between grain orientation (100)
direction and sample plane normal for a large-grained sample of LLZO
(top) and a small-grained sample (bottom). (b and c) Grain
orientation mapping of large- and small-grained LLZO, respectively.
(d) Histograms of misorientation angles for large-grained LLZO (top)
and small-grained LLZO (bottom). (e and f) Misorientation angle
mapping of large- and small-grained LLZO, respectively. Reprinted
with permission from ref 153. Copyright 2015 American Chemical
Society.
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may behave quite differently from the overall electrode,
especially in large size cells or during high rate cycling.
Recently, an alternative technique called energy scanning

confocal XRD or spectroscopic XRD160 has been applied to
battery materials. As in EDXRD, the sample remains fixed
restricting the probed region to a small “gauge volume” as
explained above, but in contrast to EDXRD, the energy
(wavelength) of the incident radiation is varied rather than the
detector angle. To that effect, a small gap monochromator and
a set of slits are used to fix the incident beam angle and position
onto the sample as the monochromator angle and thus beam
energy is scanned. The technique offers better peak resolution
than EDXRD but comes at the cost of longer measurement
times as the monochromatic beam is used instead of a
polychromatic beam as the incident radiation. With this
technique, the variations of the lattice parameters of a 150
μm thick LiNi1/3Co1/3Mn1/3O2 sheetlike composite electrode
for lithium-ion batteries could be monitored precisely during
the discharge reaction and subsequent rest processes with a
resolution of 50 μm.160 These measurements could then be
directly linked to the Li+ concentration in the electrode as a
function of depths.161

Resonant elastic X-ray scattering (REXS) merges the
technique of XRD with X-ray absorption spectroscopy
(XAS). In this method, the intensity of a Bragg reflection is
monitored as the incident X-ray wavelength is varied around an
element absorption edge and as the Bragg condition is
maintained by tilting the sample, allowing chemical and
structural information to be obtained simultaneously. The

technique has, for instance, been used to follow the migration
of transition metals from the transition metal layer to the
lithium layer in a lithium-rich layered oxide cathode material.162

4.1.4. Coordinating Synchrotron XRD with Other
Reaction Processes. In addition to the synchrotron in situ
XRD studies of electrode materials during electrochemical
cycling, studies have been performed using in situ XRD to
follow battery materials undergoing chemical reactions. Wang
et al. designed an apparatus to perform in situ XRD during
chemical delithiation of LiFePO4.

163 The main advantage of the
chemical delithiation over the electrochemical delithiation is the
high-quality XRD patterns that are free from current collector
peaks and can be used for detailed structural analysis. In
addition, strategies to overcome the electronic conductivity
limitations in electrochemical cells, such as carbon coating
cathode particles or adding carbon to composite electrodes, can
be eliminated to allow for better understanding of the intrinsic
kinetic properties of the active material. In the study mentioned
above, the evolution of the phase transition in LiFePO4 upon
chemical delithiation was studied and the size-dependent phase
transition behavior was also reported.
Several groups have developed in situ XRD techniques to

track the structural changes occurring during the synthesis of
battery materials.164 Chen and Bai developed a time-resolved in
situ synchrotron XRD method to investigate the phase growth
of LiFePO4 during hydrothermal synthesis.165 Using an in situ
reaction vessel for hydrothermal synthesis, the details of the
phase growth of LiFePO4 with time at certain temperatures and
pressures could be monitored by recording XRD patterns

Figure 11. (a) A scheme of the coin cell with the diffraction geometry indicated for energy-dispersive XRD (EDXRD). (b) EDXRD patterns
obtained on a fresh Li/Ag2VP2O8 cell. (c) Intensities of Ag and Ag2VP2O8 and crystallite size of Ag as a function of beam position along the z
direction. Cathode discharged to 0.5 elec. equiv. at (c) the faster rate (C/168) and (d) the slower rate (C/1440). Three and two x-direction
locations were measured, respectively. Reproduced in part with permission from ref 155. Copyright 2013 Royal Society of Chemistry. Reproduced in
part with permission from ref 157. Copyright 2015 American Association of the Advancement of Science.
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simultaneously. Recently, Bai et al. extended this capability to
solvothermal reaction processes.166 They applied a time-
resolved in situ synchrotron XRD technique (TRXRD) to
study the reaction mechanisms during the solvothermal
synthesis of olivine-structured cathode materials, for example,
LiFePO4, LiMnPO4, and LiFe0.4Mn0.6PO4. The evolution of the
crystal structure changes of the Fe and/or Mn-containing
phases were tracked. These results and the in situ technique are
valuable in providing guidance for material design and
synthesis.
The potential for thermal instability of electrode materials is

one of the most critical factors responsible for thermal runaway
and safety-related problems in batteries.167−179 Investigating
the evolution of phase transitions of the electrode materials
during heating can provide valuable insight into evaluating the
safety characteristics of the materials from a structural point of
view. Pioneering work was initiated by a research group at
Brookhaven National Laboratory led by McBreen, and the first
experiment was carried out by Yoon et al.167 Since then, the
phase transition behaviors during heating of several important
cathode materials have been studied by TRXRD, and their
effects on the safety characteristics of these electrode materials
have been reported. Later on, Nam and co-workers in the same
group developed a technique that combined mass spectroscopy
(MS) and in situ XRD measurements.176 It is known that the
oxygen release from oxide cathodes is a key factor in
accelerating heat generation causing thermal runaway. There-
fore, it is important to study the gas release and correlate it with
the structural changes during heating. The experimental set up
of the in situ XRD-MS experiment and some results are shown
in Figure 12. The charged cathode material is placed in a quartz
tube connected to the MS. They were able to heat the quartz
tube at a controlled ramping rate. An inert atmosphere is
applied to the system by purging with helium gas (Figure 12a).
During heating, the structural information on charged cathode
is probed and recorded using the synchrotron XRD in a time-

resolved fashion, while the outlet gas information is analyzed
and recorded by the MS. By applying this technique to
LiNi0.8Co0.15Al0.05O2 (NCA), a series of phase transformations
from layered to spinel to rock salt during heating was revealed
(Figure 12b). The amount of oxygen released owing to the
spinel to rock salt phase transition was monitored by MS, which
is considerably larger than that for the layered to spinel
transition, indicating that spinel to rock-salt transition is more
dangerous for thermal runaway. Therefore, suppressing this
transition or delaying it to higher temperatures would improve
the safety characteristics of cathode materials. This group also
investigated LiNixMnyCozO2 (NMC) materials.177,179 The
results of this work presented in Figure 12c show that the
spinel to rock salt phase transformation and associated oxygen
gas release could be postponed to higher temperatures if the Co
and Mn contents are increased and Ni content is reduced. This
observation is consistent with a study reported by Sun and co-
workers that Ni-rich NMCs have inferior thermal stability to
those with lower Ni content.180

4.1.5. Complementing XRD with Neutron Scattering
Techniques. Neutron diffraction based techniques provide
useful complementary information to X-ray based synchrotron
diffraction techniques. Both XRD and neutron diffraction
provide structural information, but neutron diffraction allows
better distinction of transition metals and low Z elements such
as lithium.181,182 In addition, neutron diffraction is also much
more sensitive to oxygen anions than XRD. Another advantage
of neutron scattering is that commercial-sized batteries can be
studied in operando.183−188 However, compared to synchro-
tron X-ray techniques, neutron scattering requires relatively
larger amounts of specimen and longer data collection time. In
addition, for Li-containing energy materials, isotopic labeling
might have to be considered for maximizing counts for practical
experiments. This poses challenges in capturing phase/
structure evolution in operando at relatively high rates. Readers
are referred to references in this section for more information

Figure 12. (a) Experimental setup for the combined in situ time-resolved X-ray diffraction (TR-XRD) and mass spectroscopy (MS) experiments. (b)
TR-XRD patterns and simultaneously measured mass spectra (MS) for O2 and CO2, released from Li0.5Ni0.8Co0.15Al0.05O2 during heating to 500 °C.
The left panel shows the models of ideal crystals with rhombohedral, spinel, and rock-salt structures. (c) Mass spectroscopy profiles for the oxygen
collected simultaneously during measurement of TR-XRD and the corresponding temperature region of the phase transitions for different NMC
samples (i.e., NMC433, NMC532, NMC622, and NMC811). Reprinted with permission from ref 177. Copyright 2014 American Chemical Society.
Reprinted with permission from ref 455. Copyright 2013 John Wiley and Sons.
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about neutron scattering techniques applied to battery materials
and batteries.
4.1.6. Pair Distribution Function (PDF) Analysis. Pair

distribution function analysis, also known as total scattering
analysis,189 refers to the analysis of both the Bragg peaks and
the diffuse scattering components of neutron, X-ray, or electron
diffraction data. While it can be used for information obtained
from traditional laboratory equipment such as X-ray diffrac-
tometers190 or electron microscopes,191 the discussion here will
focus exclusively on synchrotron X-ray data. Because diffuse
scattering is weak and covers large reciprocal space volumes, it
can be difficult to separate from background noise and other
artifacts.192 The high brilliance and excellent resolution of
synchrotron X-ray sources have obvious advantages, and
improvements in detectors and monochromators as well as
data collection, reduction, and analysis methods over the past
ten or so years have resulted in an acceleration of the use of the
PDF technique at synchrotron facilities. Because of the need for
a wide range of momentum transfer (Q > 30 Å), short
wavelength/high-energy X-rays (>45 keV or λ = 0.27 Å) are
required,193 such as those available at beamline X7A at the
National Synchrotron Light Source at Brookhaven National
Laboratory, beamline 11-ID-B at the Advanced Photon Source
(Argonne National Laboratory), or beamline I15 at the
Diamond Light Source in the U.K., to name a few.
The PDF technique can be applied to crystalline materials

but is particularly useful for the analysis of materials that lack
long-range order, including nanocrystals, glasses, and even gels
or liquids.193 While a detailed explanation of the PDF
experiment and data analysis is beyond the scope of this
review (interested readers can consult ref 194 for more
information), the general procedure to obtain structural
information is briefly summarized as follows. An X-ray
scattering pattern is first obtained and corrected for anomalous
effects (e.g., fluorescence, scattering from the sample holder, air,
etc.), and then the data is Fourier transformed to yield the
reduced PDF G(r) function (Figure 13).
G(r) is a measure of the probability of finding two atoms in a

material separated by the distance r. The peak positions
indicate atom pair distances, their integrated intensities are
related to the number of atoms at these locations
(coordination), peak widths and shapes give information
about the probability distributions of the pairs (disorder), and
rmax indicates particle size or coherence. This is reminiscent of
information that can be obtained in EXAFS experiments (see
following section), although it is not element-specific (in the
case of X-ray PDF) and is carried out to much larger values of r.
The experimental data (insets) in Figure 13 show that the

V2O5·nH2O xerogel has much less long-range order than
crystalline V2O5. Modeling of the PDF data indicated that the
xerogel structure consists of an assembly of stacked bilayers of
VO5 square pyramidal units with considerable turbostratic
disorder, in contrast to stacks of corrugated single layers of
VO5, as previously thought.195

To understand local environments and short-range ordering
in layered LiNi0.5Mn0.5O2 electrode materials, combined
neutron and X-ray PDF methods have been used, along with
NMR and X-ray and neutron diffraction.196 These experiments
revealed clustering of LiMn6 and LiMn5Ni units in the
transition metal layers in a honeycomb pattern, which could
not be easily detected using conventional diffraction experi-
ments.

Reactions of battery electrode materials that result in the
generation of amorphous or nanostructured components are
particularly well-suited for PDF analysis. For example, the
conversion electrode RuO2·2H2O, which reacts to form Li2O
and metallic Ru in lithium cells, exhibits an anomalously high
capacity. Using PDF along with NMR, XRD, and XAS
experiments, it was shown that the source of the excess
capacity involved the reversible reaction of LiOH with lithium
to form Li2O and LiH in the amorphous solid electrolyte
interphase layer.197 Other conversion electrodes have been
studied in operando (e.g., FeOF),198,199 showing that the
material first transforms to metallic Fe via a rock salt
intermediate but cycles as a two-phase nanocomposite
thereafter.
Lithium intercalation into the layered compound MoS2

results in the product LiMoS2, which is poorly diffracting.
PDF analysis indicates that LiMoS2 is actually nanocrystal-
line.200 The best fit to the data suggests that the structure
consists of a chain of diamond motifs of bonded Mo atoms.
A recent study of the electrochemical alloying mechanism of

tin anodes with sodium, which included in operando PDF,
elucidated the structure of several intermediate phases,
including an amorphous one with approximate composition
Na1.2Sn, with chain connectivity.201 In another study, an
intermediate phase with only short-range order, which forms
during electrochemical desodiation of olivine NaFePO4, was
detected using the PDF method.202 The appearance of this
phase during the redox process is thought to buffer the large
volume mismatch of 17% between the NaFePO4 and FePO4
end members in this system by accommodating strain.
One of the most interesting recent uses of PDF has been

applied to a series of solutions with common anions and
solvent, but with differing cations, including Mg. The use of

Figure 13. Experimental (dots) and fitted (lines) PDFs for (a) V2O5·
nH2O xerogel and (b) crystalline V2O5, with residual differences
shown below. The experimental data is shown in an expanded scale in
the insets. Reprinted from ref 195. Copyright 2002 American
Chemical Society.
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principle component analysis allowed dissimilar features (e.g.,
cation-solvent interactions) to be isolated from those that were
common to all of the solutions (anion-solvent interactions).198

Demonstrating the applicability of the PDF method to
solutions should aid in development of new electrolytic
solutions, which will be particularly useful for Beyond Lithium
Ion systems such as those based on Mg.

4.2. Hard X-ray Absorption Spectroscopy

Synchrotron X-ray absorption spectroscopy (XAS) is a
powerful tool for studying the structure of materials and the
oxidation state of certain elements in a given material by
measuring the X-ray absorption coefficient as a function of X-
ray photon energy. When the incident X-ray photon energy
scans through the threshold to excite core electrons of the
probing element, a sharp increase of absorption can be
identified as the absorption edge. XAS can be used to study
the local environment and the oxidation state of the probing
atom in an elemental selective way. The interested reader is
referred to several comprehensive books and review articles on
the basic principles of XAS techniques.203−207 Unlike X-ray
diffraction, which is only effective for materials with long-range
ordering, the XAS technique can provide useful information
such as bond length, coordination numbers, and oxidation
states for materials in gas, liquid, or solid states with or without
long-range ordering. Researchers have increasingly recognized
the complementary nature of the XAS technique to XRD, and it
has been widely applied in structural studies for battery
materials.208,209

A full XAS spectrum can be divided in two parts, the X-ray
near edge structure (XANES) which refers to the part of the
spectrum in the energy range within ∼30−50 eV near the
absorption energy, and extended X-ray absorption fine structure
(EXAFS), which refers to the extended part starting at 20−30
eV above the absorption edge. The XANES region contains
information in the edge energy position, the shape of the
XANES spectrum, and the pre-edge features. The edge energy
position, which is normally chosen at the inflection point on the
spectrum (the first peak of derivative curve), is used to
quantitatively identify the oxidation state of the probed atom
using reference compounds with known oxidation states. This
is because more X-ray energy is required to eject a core electron
from an atom at higher oxidization state with less shielding
effect. The shape of the XANES spectrum is sensitive to the
local geometric structure around the central absorbing atom.
The interaction of the photon absorber with ligand atoms
sometimes introduces shoulder features on the edge of the
XANES spectrum that reflect the electronic structure of the
system. The pre-edge structures are sensitive to the
coordination environment of the probed atom. For instance,
a pre-edge peak is often seen in the K-edge spectra of 3d
transition metals, due to the 1s to 3d transition, which is
formally dipole forbidden but quadrupole allowed. It gains
intensity from pure electric quadrupole coupling and/or 3d-4p
orbital mixing induced by a noncentrosymmetric chemical
environment.210 In general, the peak intensity increases with
the geometry in the order of octahedral < square-pyramidal <
tetrahedral. Therefore, the pre-edge peaks can be used as a
probe for geometry. In addition to the local geometric and
electronic structure information obtained from XANES, EXAFS
can provide further local structure information around the
central atom. The theory of EXAFS has been better developed
than that of XANES, and quantitative comparison between

theoretical modeling and experiments can be made.211

Specifically for EXAFS, X-rays of definite energy are absorbed
and excite core electrons. The excited electrons are scattered by
near neighbor atoms and interfere constructively or destruc-
tively. Oscillations above the absorption edge can be used to
characterize distances between scattering atoms and absorbing
atoms. The EXAFS takes contributions from multiple scattering
atoms, multiple scattering, and shifts in phase and inelastic
scattering. At the same time, the EXAFS is an average of all the
absorbing atoms, which may have different local environments
and thermal disorders. Thus, the EXAFS equation physically
describing the above can be expressed as
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Modeling and fitting of the EXAFS spectrum commonly
takes bond length D, coordination number N, mean square
relative displacement σi

2, and reference energy E0 as parameters.
By curve fitting the experimental EXAFS data using model
structures, accurate local environments (i.e., coordination
number, interatomic distance, and geometry) around the
probed atom can be determined. By properly constraining
the initial fitting input, such as coordination number N in phase
pure and well-crystallized systems, bond distances can be
accurately determined.
XANES measurements are used to determine the valence

states of specific elements as a function of state-of-charge to
study the charge compensation mechanism as well as the
reversibility of redox reactions. EXAFS is the technique of
choice for studying the structures of electrode materials with
low crystallinity, or even those that are amorphous, either in the
as-synthesized state or after prolonged cycling. XAS is an
elemental-specific technique allowing for the selection of a
specific metal threshold to obtain the local chemical environ-
ment surrounding the selected atoms. This is particularly
important when dealing with materials containing different
elements with similar X-ray scattering cross sections. For these
materials, it is difficult to obtain element-dependent structural
information by XRD only. However, XAS is able to differentiate
them by tuning the X-ray energy to different edge positions
corresponding to those elements. In situ XAS may be used to
study the structural changes and kinetics of battery materials
during cycling. The XAS spectra can be collected during
charging and discharging to track the dynamic process of
electrochemical reactions, including structural changes sur-
rounding specific element sites and the reaction kinetics (i.e.,
rate capability associated with different redox centers).
Most XAS experiments performed at synchrotron light

sources use transmission or fluorescence detection modes. In
transmission mode, the sample is placed between I0 and It
detection chambers. The intensity of the incoming and
outgoing (i.e., after traveling through the sample) X-ray beam
are recorded by I0 and It detectors, respectively. Then the
absorption coefficient μ of the material can be determined by
the Bouguer−Lambert−Beer law (eq 4):

= −μI I exp( x)0 (4)

In the fluorescence mode, the sample is tilted by ∼45 deg
relative to the incident X-ray beam, and the detector is
positioned at a right angle to the incident beam to collect the
fluorescence X-rays. The choice of preferred detection mode is
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made based on the sample thickness and concentration of the
element being probed. In general, if the sample can be made
thin enough and the concentration of the excited element is
sufficient, the transmission mode is preferred. Otherwise, the
fluorescence mode should be used.212,213

One of the advantages of using XAS in battery research is the
capability to perform in situ or in operando structural studies
during charging and discharging. To conduct this type of
experiment, specially designed electrochemical cells with
windows to pass X-rays are necessary. Because the photon
absorption is approximately proportional to Z,4 window

materials containing only low Z elements are desirable.
Beryllium (Z = 4) is intuitively the first choice, but it is
difficult to handle when assembling an electrochemical cell and
becomes very toxic if oxidized. For many experiments, Kapton
film and other polymer films are widely used window materials.
The sample in the electrochemical half-cell is stacked with
current collector, lithium metal foil counter electrode, and
separator. The cell is filled with electrolytic solution containing
LiPF6 salt and carbonate-based solvents. The X-ray beam
should be able to pass through all these cell components and
reach the detector with enough photon flux if the transmission

Figure 14. In situ XAS analyses of the RuO2/Li system reveal the changes in the average oxidation state of ruthenium, phase composition, and bond
lengths. (a) The extended EXAFS pattern of pristine RuO2 and (b) the pattern taken at Li1.3d. (c) The electrochemistry profile of the discharge
process/beginning of charge and the corresponding in situ XANES and EXAFS patterns, divided into four stages on discharge (I−III) and on charge
(IV). Used with permission from ref 197. Copyright 2013 Nature Publishing Group.
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detection mode is chosen. Readers who are interested in the
assembly of in situ battery cells may refer to a recent video
article.95 Using carbon sheet current collectors to replace Cu
and Al has been reported in several studies aiming to reduce the
absorption and improve the signal-to-noise ratio (S/N) of the
spectrum.214 When probing low-Z elements (i.e., S, P, Si, etc.),
only fluorescence detection mode can be used because the
organic electrolyte in the electrochemical cell will absorb most
of the photons. The first in situ XAS study on batteries was
carried out at Brookhaven National Laboratory and was used to
probe the nickel oxidation state for nickel metal hydride
batteries in a platelike cell.3 After that, in situ techniques were
applied to other rechargeable battery systems. Modified in situ
coin and pouch cells121,215 have been designed and used in XAS
studies in order to fit various X-ray beamline setups. Lithium-
ion battery materials such as layered transition metal
oxides,89,216−222 spinels,178,223−225 polyanionic struc-
tures,105,226−229 conversion electrodes,117,197,230−235 and inter-
calation anodes111,236,237 have been studied. Selected examples
of these studies are discussed below.
4.2.1. Probing Local Structure. In contrast to insertion

electrodes, which reversibly accommodate the insertion and
extraction of alkali metal ions with minimal change to the host
structures, conversion electrodes undergo dramatic structural
and phase changes during electrochemical cycling. Upon
reduction, they form composites consisting of metal nano-
particles embedded in a lithium salt (LiF, Li2O, etc.);
sometimes the metal nanoparticles are connected to form
metallic networks.91,238 One puzzling phenomenon is the
observation of capacities in excess of the theoretical values

frequently observed in conversion compounds. Hu et al.
unraveled the charge storage mechanism in a conversion
material RuO2, using a suite of high-resolution solid-state NMR
and synchrotron in situ XAS techniques.197

The XANES and EXAFS data obtained on this system can be
divided into three components as shown in Figure 14. During
stage I (0−1.2 lithium), the lithiation of RuO2 was
accompanied by a shift to lower energy in the XANES spectra,
suggesting ruthenium reduction. A reduction of the intensity of
the peaks related to the RuO2 structure was observed in the
EXAFS spectra, consistent with a solid solution reaction to
form LiRuO2, which is completed near the end of stage I. In
stage II, the two-phase conversion reaction (eq 5)

+ + = ++ −LiRuO 3Li 3e 2Li O Ru2 2 (5)

is clearly indicated by the isosbestic point239,240 in the XANES
patterns, where the intensity of the LiRuO2-related peaks
decreases and that of Ru metal peaks increases. The EXAFS
and XANES results indicate that the conversion reaction is
completed at the end of region II as shown in Figure 14, and
the lithium storage capacity in region I and II is related to the
redox reaction of Ru4+/Ru0. The capacity observed in region III
is not related to either bulk structure changes or redox reaction
on Ru centers at all. These results inspired the search of other
sources for the extra capacity in stage III. Further NMR
experiments reveal that the additional capacity in region III
mainly arises from the reversible reaction of LiOH with Li and
suggest that reversible SEI formation and Li adsorption on the
Ru nanoparticles may only have minor contributions. This
study clearly demonstrates the necessity of combining regular

Figure 15. Normalized (a) Mn, (b) Ni, and (c) Co K-edge XANES spectra of Li1−xCo1/3Ni1/3Mn1/3O2 electrode during charge. (d) Plot of the white
line energy shift vs the state-of-charge (SOC) for Co and Ni K edge; (e) Structural parameter (Debye−Waller) changes simulated at the second shell
Mn-M, Co-M, and Ni-M for Li1−xCo1/3Ni1/3Mn1/3O2 at different lithium contents during first charge and discharge cycle. (f) Local phase segregation
as suggested from analysis of the Debye−Waller factors, where the cyan, green, and wine dots represent Ni, Mn, and Co. Adapted with permission
from ref 217. Copyright 2005 AIP Publishing. Adapted from ref 218. Copyright 2005 American Chemical Society. Adapted with permission from ref
89. Copyright 2005 American Chemical Society.
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analytical techniques with synchrotron techniques to reveal the
unknown in battery science.
Another example of the use of EXAFS involves a study of an

intercalation electrode. Quantitative analysis of a transition
metal oxide cathode material containing Mn and Ni had been
successfully conducted, and detailed local structure information
was obtained. Yoon et al. carried out a very careful in situ
EXAFS study on LiMn0.5Ni0.5O2.

241 Atomic distances with
accuracy down to 0.02 Å could be determined by fitting the
EXAFS data. Upon electrochemical deintercalation, the Mn−O
and Ni−O bond distances were accurately determined and
provide supporting evidence of lithium transition metal ion
exchange in the layer structure. Their observation also supports
that the redox takes place via oxidation of Ni2+ to Ni3+ and Ni3+

to Ni4+.
4.2.2. Monitoring Redox Reactions. A great advantage of

XAS is its element selectivity, which allows for studying the
chemical environment and oxidation state of an individual
element in a material containing multiple elements, to
determine which contributes to redox processes at various
SOCs. This is particularly important for electrodes containing
multiple metals like the technologically important NMCs
(LiNixMnyCozO2, where x + y + z = 1). The redox reaction of
each transition metal in LiNi1/3Co1/3Mn1/3O2 was first studied
by Deb et al.242 and later by Yoon et al.243 (Figure 15). During
the deintercalation of Li ion, the Mn XANES spectrum
exhibited subtle variations in the shape of the edge because the
Mn local environment changed, but there was no rigid shift to
higher energy values, showing that Mn remains tetravalent

during charging. In contrast, the entire Ni K-edge XANES
spectra shifted to higher energies during charging consistent
with increasing nickel oxidation state from Ni2+ to Ni4+. The Co
K-edge XAS also showed changes in the edge shape during
charge, ascribable to changes in bond length and covalency.
The theoretical calculations showed that the Co3+/Co4+

oxidation can contribute to the capacity, but the redox potential
was at 4.8−5.2 V, where the electrolyte decomposition can
occur. Yoon et al. and Lin et al. independently conducted soft
XAS measurements on NMC materials and revealed that the
charge compensation during charging was achieved at the
oxygen site in addition to transition metal sites.88,89 Similar
observation was reported by Whittingham and co-workers.244

These studies highlighted the ability of the XANES measure-
ments to provide a direct link between the redox reaction and
the lithium storage capacity recorded on the charge curve.
EXAFS analysis can be used to investigate the local structure

around each element in electrode materials. It is difficult to
differentiate Ni, Co, and Mn in NMCs by XRD because of their
similar X-ray scattering cross sections. XRD analysis could only
show that LiNi1/3Co1/3Mn1/3O2 has a similar crystal structure as
LiCoO2, but no more information is accessible to differentiate
the Ni, Co, and Mn sites. In contrast, EXAFS studies reveal that
element-dependent local ordering exists in the transition metal
layers of the NMC material. Tsai et al. did quantitative analysis
on the EXAFS spectra of Ni, Co, and Mn of a NMC material
during charging.245 They found that the trends of the variations
for the bond length and Debye−Waller factor207,246 (represent-
ing the distortion of the local structure) of Mn and Ni are quite

Figure 16. (a) Fe K-edge XANES spectra of pristine and chemically delithiated LiFePO4 after 120 s. The evolution and linear combination fitting of
Fe K-edge XANES spectra during in situ chemical delithiation of LiFePO4 are plotted. (b) (top) Magnitude of the Fourier transformed Mn K-edge
spectra of Li1.2Ni0.15Co0.1Mn0.55O2 collected during 5 V constant voltage charging. (bottom) Projection view of the corresponding Ni−O, Co−O,
and Mn−O peak magnitudes of the Fourier transformed K-edge spectra as functions of charging time. Reproduced with permission from ref 41.
Copyright 2014 John Wiley and Sons. Reproduced with permission from ref 229. Copyright 2012 The Royal Society of Chemistry.
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similar but completely different from those of Co. Therefore,
they concluded that short-range ordering between Ni and Mn
does exist, as shown in Figure 15, a fact not revealed by XRD
analysis.
Another example involves LMR-NMCs, whose structures

have been the subject of much controversy. The EXAFS
analysis provided interesting clues about the local structure of
such materials. These results have confirmed the existence of
Li2MnO3 domains in some materials, providing some support
for the nanocomposite notation.42,43However, the nature of
LMR-NMCs, whether solid solution or nanocomposite, is likely
determined by the method of synthesis, and different analytical
techniques tend to come to different conclusions depending on
the source of the sample.
4.2.3. Time-Resolved Hard XAS and its Application to

Dynamic Studies. The dispersive XAS instrumentation is able
to collect one high-quality time-resolved XAS spectrum in a
time scale as short as milliseconds, making it possible to probe
the dynamic process of a battery under high rate operating
conditions.247 The first application of time-resolved XAS for
lithium ion batteries was conducted by Yu et al.229 This study
was performed on a LiFePO4 material during chemical (Figure
16a) and electrochemical delithiation. Phase fractions of
LiFePO4 (or FePO4) during charge at various C-rates were
estimated. Their results indicated that the average structural
changes of LiFePO4 upon lithium extraction proceeds via a
LiFePO4/FePO4 two-phase reaction under both low (1C) and
high (30C) charge rates. In addition, the phase fraction of

FePO4 could be accurately determined, and its evolution
monitored during charge, providing information on the phase
growth dynamics. The kinetics of the LiFePO4 to FePO4 phase
transition was analyzed using the Avrami-John-Mehl-Eroofev
(AJME) equation.248 It was concluded that there was one-
dimensional growth of FePO4 in LiFePO4, which agrees well
with transmission electron microscopy results and theoretical
calculations.249−251 Thereafter, Orikasa and co-workers also
performed time-resolved XANES measurements on LiFePO4

and reached similar conclusions about its phase-growth
mechanism.252 At first glance, this seems to contradict the
evidence obtained during the in operando XRD experiments
described in section 4.1.1, in which solid solution regions were
observed during charge/discharge of cells containing LiFePO4.
The phase behavior of LiFePO4 is complex and depends on
temperature, particle size, and other factors. As of this writing, it
is not clear if the different observations seen in the XAS and
XRD experiments are due to artifacts such as strain or
differences in sample type and conditions.
The time-resolved XAS technique is particularly useful for

studying rate capability related structural changes of the
electrode materials with multiple redox centers. A good
example is the time-resolved XAS studies of the LMR-NMC
Li1.2Ni0.15Co0.1Mn0.55O2 (0.5LiNi0.375Co0.25Mn0.375O2·
0.5Li2MnO3), aimed toward understanding rate-limiting
factors.253 LMR-NMCs often suffer from poor rate capability.
Although the poor kinetics of the Li2MnO3 nanodomains in
lithium-rich layered compounds has been proposed as the

Figure 17. (a) Calculated X-ray intensity and penetration depth of the 7.7 keV incident X-ray to LiCoO2. (b) Incident X-ray angle dependence of
the Co fluorescence from LiCoO2/Pt, obtained before electrolyte soaking (black) and after electrolyte soaking (red). (c) The spectro-
electrochemical cell used for in situ TRF-XAS measurements. (d−g) Co K-edge XANES spectra of the LiCoO2 film measured at four different points
by applying a voltage and measuring the corresponding absorption energy levels of the bulk material (d and f) and the surface (e and g), respectively.
(h) The proposed reaction of the initial degradation that occurs at the electrode/electrolyte nanointerface. Reproduced with permission from ref
255. Copyright 2012 John Wiley and Sons.
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origin of such poor rate capability, experimental evidence has
been lacking. The authors of this study applied a constant
voltage of 5 V on Li1.2Ni0.15Co0.1Mn0.55O2 cathode to oxidize
Ni, Co, and Mn ions simultaneously. At the same time, the
time-resolved Ni, Co, and Mn K-edge XAS spectra were
collected as functions of time. The comparative Fourier
transformed magnitude of the corresponding Ni, Co, Mn K-
edge EXAFS spectra shown in Figure 16b demonstrated the
different kinetic behaviors of the three metals. The first
coordination peak (Ni−O) shows dramatic changes in both
position and intensity within the first 100 s, indicating the
oxidation of Ni2+ to Ni3+, then to Ni4+. The EXAFS features
remain unchanged after 160 s, indicating the oxidation of Ni2+

to Ni4+ was almost completed within the first 3 min. In
contrast, for Mn, the first coordination shell peak (Mn−O)
intensities shows a continuous decrease all the way to the end
of the experiment (900 s), indicating much slower delithiation
kinetics around Mn sites, whereas the changes in the Co−O
peak ended after 200 s. These results clearly showed that
oxidation of Mn is much slower than Ni and Co, providing the
first experimental evidence of Li2MnO3 nanodomains as the
rate-limiting factor in Li1.2Ni0.15Co0.1Mn0.55O2.
4.2.4. Surface Probing Tool: Hard XAS in Reflection

Mode. Although hard XAS is mainly used as a bulk
characterization tool, it can also be utilized to probe surfaces
of electrode materials. Taking advantage of the nature of highly
collimated synchrotron X-ray beams and using glancing
incidence geometry, the X-ray penetration can be restricted
to several nanometers of the sample to probe the surface of the
electrode only.254 This surface sensitive technique is particularly
important for in operando characterization of the electrode
surface under battery operating conditions. Most other surface-
sensitive characterization tools, such as XPS and soft XAS,
require the sample to be placed in a vacuum chamber, making it
difficult to perform in situ or in operando measurements.
Takamatsu et al. used this technique first, named total-
reflection fluorescence XAS (TRF-XAS), to investigate the
surface structural evolution of LiCoO2 during charging and
discharging.255

The electrochemical cell used for the in operando TRF-XAS
measurement is shown in Figure 17c. The glancing-angle-
dependent fluorescence X-ray intensities collected experimen-
tally and the penetration depth calculated are also shown.
When setting the incident angle to 0.2° and 2.2°, the
corresponding X-ray penetration depth was estimated to be
about 3 nm (surface probing) and 100 nm (bulk probing),
respectively. The measurement shows that the LiCoO2 thin
film electrode exhibits gradual degradation at the surface upon
electrochemical cycling. The Co ions were reduced right after
immersion into the organic electrolyte even before current was
passed through the cell. A similar observation was also reported
by Lin et al. in NMC materials, where Mn and Co were both
reduced after exposure to electrolytic solution.88 Consequently,
irreversible changes of electronic structures took place at the
surface of electrode materials upon subsequent charging and
discharging cycles. This is quite different from the reversible
redox reaction occurring in the bulk. Later on, Yamamoto et al.
studied the LiFePO4 thin film electrode using the same TRF-
XAS technique.256 They found that the LiFePO4 electrode/
electrolyte interface did not exhibit reduction damage as
observed in the case with LiCoO2. This work demonstrates the
value of TRF-XAS as a powerful tool to probe surface
structures of electrodes under in situ/in operando conditions

and to establish the relationship between the stability of the
electrode/electrolyte interface and the electrochemical per-
formance.
The application of hard XAS to battery materials is still

rapidly developing, and new techniques and results are being
reported every day. This review is necessarily incomplete, as it
is not possible to cover all of these new developments. The
examples given above are chosen to show the great versatility of
hard XAS, in particular, the ability to obtain chemical and
structural information on materials under practical operating
conditions.
4.3. Soft X-ray Spectroscopy

Soft X-ray absorption spectroscopy (soft XAS) through
fluorescence yield, soft X-ray emission spectroscopy (soft
XES), and resonant inelastic X-ray scattering (RIXS) are
collectively referred to as soft X-ray photon-in-photon-out
spectroscopies. The combination of soft XAS and XES provides
elemental sensitive electronic structure information on both the
occupied and unoccupied electron states in the vicinity of the
Fermi level.257 RIXS is capable of detecting various low-energy
excitations during the decay of the core hole, as well as
providing orbital character of certain electronic states in battery
materials among other things.
XAS, XES, and RIXS all involve the excitation of a core-level

electron, and the techniques are element-specific. Figure 18

displays the electron binding energies and decay-induced
emission energies of the orbitals in specific elements that are
covered by soft X-ray spectroscopy for battery studies,
especially the low-Z element K-edges and the L-edges of 3d
TMs. For both low-Z element K edges and TM L-edges, soft X-
ray spectroscopy is a direct measurement of the dipole-allowed
2p-3d and 1s-2p transitions, as discussed in section 3. This
allows a detailed and high-statistic detection of both the anion-
p and TM-3d states involved in the electrochemical operations
of battery materials.
Note that modern soft X-ray techniques have been

progressing rapidly with many other new and/or enhanced
capabilities (e.g., resonant small angle scattering, dichroism, and
microscopy etc.), which have been, or potentially could be,

Figure 18. Core-level binding energies and associated X-ray emission
energies (primary decay) that are accessible through spectroscopy in
the soft X-ray regime (50 eV to 2 keV). Note that this figure focuses
on the practical materials for batteries, and the M- and N-edges of the
heavy elements are not plotted here. Used with permission from ref
466. Copyright 2016 IOP Publishing Ltd.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.7b00007
Chem. Rev. XXXX, XXX, XXX−XXX

X

http://dx.doi.org/10.1021/acs.chemrev.7b00007


capitalized for understanding different aspects of battery
materials.
4.3.1. Overview of Soft X-ray XAS, XES, and RIXS.

Figure 19 shows the atomic schemes for the soft XAS, XES, and
RIXS techniques.258 The spectroscopic process starts with the
absorption of the continuously tunable synchrotron photons by
a core electron that is excited to an unoccupied state (Figure
18a). Soft XAS thus provides the information on the
unoccupied electronic structure at the excited states with the
existence of core holes. XES generally corresponds to the
occupied valence states. RIXS features stem from interband and
other low-energy excitations, mixed with the noncoherent XES
signals.
The intrinsic absorption coefficient corresponds to the

attenuation of incident X-rays; however, the shallow
penetration depth of soft X-rays allows the direct measurement
of the attenuation to only ultrathin samples. For battery studies,
except for scanning transmission X-ray microscopy, the XAS is
mostly collected through the intensity of decay products of the
core holes. The broadly practiced channels are the decay
through the Auger electron yield (AEY), the total electron yield
(TEY) (Figure 19b), partial yield of fluorescence photons
(PFY), and the total yield of fluorescence photons (TFY)
(Figure 19c). The short escaping length of electrons makes the
AEY and TEY extremely surface sensitive with probing depth of
only a few nanometers. The PFY and TFY mode is relatively
bulk sensitive with a probe depth of hundreds of nanometers
depending on the photon energy, but compared to hard XAS,
the PFY/TFY mode of soft XAS can be considered as more
surface sensitive. At this time, almost all soft XAS systems allow
simultaneous data collection through both the TEY and TFY
channels, which often reveal the contrast between surface and
bulk states of battery samples.259,260 However, caution needs to
be taken with any quantitative analysis based on TFY because
serious line shape distortions from the self-absorption effect
may occur, due to the abrupt change of the penetration depth
of the X-rays when the incident photon energy scans through
an absorption edge.261

It is worthwhile noting that a recently developed soft XAS
technique called inverse partial fluorescence yield (IPFY) could
potentially solve the technical problem of the self-absorption
distortion in fluorescence yield signals. In contrast to TEY and
TFY which measure the excited core-hole states by scanning
the excitation photon energy through the absorption edge of
interest, IPFY is effectively a measure of the X-ray attenuation
length, akin to transmission measurement. For studies of

battery materials, IPFY provides the opportunity of a quantative
analysis of the TM states in the bulk.262 Typically, IPFY has
been collected through commercial silicon drift detectors with
energy resolutions of more than 100 eV.263 This limits the
application of IPFY techniques to battery materials with edges
close in energy (e.g., Mn and O). Fortunately, recent
development of a high-efficiency soft X-ray RIXS spectrometer,
such as the modular X-ray spectrometer (MXS),264 allows IPFY
experiments on all edges covered by soft X-rays (Figure 17).265

XES is a PIPO technique, involving a core electron
excitation, followed by the decay of this excited state by X-
ray photon emission (Figure 19c). Contrasting the integrated
photon intensity measured by the soft XAS in TFY or PFY
modes, XES measures the intensity as a function of energy
distribution of the emitted photons through a spectrometer.266

XES delivers the information about occupied valence electrons
that fill the core hole upon the decay process.257 In this section,
we show that XES reveals the key occupied states that are
associated with the delithiation process of battery positive
electrodes.
The excitations involved in the XES process are from the

core electron state to the continuum states well above the XAS
threshold. However, if the excitation energy is carefully tuned,
so the core electron is resonantly excited to the absorption
threshold, the emitted photons will strongly depend on the
excitation energy. This resonant process is detected through
RIXS. The RIXS probability is determined by the Kramers-
Heisenberg Formula, which will not be discussed here;
interested readers can refer to many reviews and books on
RIXS.257,267 Improved RIXS (higher resolution) has become an
important probing tools for highly correlated physics.267

Although with its unique capability of probing low energy
and interband excitations, as well as its superior sensitivity to
specific chemical configurations, the application of RIXS
remains limited for studying battery materials at this time.
However, recent improvements on RIXS detection efficiency
opens up unprecedented windows for employing soft X-ray
RIXS to study battery materials.265

4.3.2. Electrical Conductivity: Soft XAS of Battery
Binders. The most direct application of soft X-ray spectros-
copy is detection of the key electron states that fundamentally
determines the physical and chemical properties of battery
materials. As elaborated above, soft XAS corresponds to the
unoccupied conduction band or lowest unoccupied molecular
orbital (LUMO) derived states. Therefore, the low energy
leading edge represents the upper edge of the band gap in a

Figure 19. Atomic schemes of the core-level XAS, XES, and RIXS. Contrasting X-ray photoelectron spectroscopy, these techniques require
continuously tunable synchrotron photons to excite core electrons to specific unoccupied states. (a) Core−electron excitation, (b) photon-in-
electron-out XAS, and (c) photon-in-photon-out XAS, XES, and RIXS. Note that soft XAS is considered surface-sensitive compared to hard XAS.
Reprinted with permission from ref 258. Copyright 2013 Elsevier.
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nonmetallic material, which gives information about electric
conductivity. Figure 20 shows the C-K soft XAS collected on a

series of polyfluorene (PF) binders with various functional
groups. Binders are an important component in batteries for

Figure 20. (a) Ex situ C−K XAS spectra of a series of conductive polymers binder materials. Blue, polyfluorene (PF); purple, PF with carbonyl C
O group (PFFO); and red, PF with both carbonyl and methylbenzoic ester groups (PFFOMB). The carbonyl group introduces a low-energy LUMO
state at 284.7 eV. (b) The calculated band structure of PFFO. The low-energy electron state is from the carbonyl group and sits below the Li level,
leading to electron charge transfer from Li to the polymer backbone, as indicated by the isosurface plots (c). Reprinted with permission from ref 268.
Copyright 2011 John Wiley and Sons.

Figure 21. Three examples of the quantitative definition of transition-metal valence distribution through ex situ soft XAS of Mn, Fe, and Ni in the
electrodes of Na ion and Li ion batteries. Dotted spectra are simulation results. (a) A quantitative analysis of Mn L-edge soft XAS on a series of
Na0.44MnO2 electrode cycled to different electrochemical states; in the charge−discharge cycles, the first cycle and second cycle are shown in red and
blue, respectively. (b) A quantitative fitting of the soft XAS data taken on LixFePO4. The two-phase transformation system allows an excellent fitting
of the experimental soft XAS by a simple combination of the data obtained from the two end members. Lithiation level could thus be precisely
determined. (c) A quantitative fitting of the Ni L-edge soft XAS of LiNi0.5Mn1.5O4 cathodes collected through the TFY channel with more than 100
nm probe depth, based on the calculated Ni2+, Ni3+, and Ni4+ TFY spectra at different electrochemical states. Reprinted with permission from ref
276. Copyright 2015 Elsevier. Ltd. Reprinted with permission from ref 284. Copyright 2015 American Chemical Society. Reprinted with permission
from ref 466. Copyright 2016 IOP Publishing Ltd.
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maintaining both mechanical and electrical integrity. However,
a high volume of conductive additive reduces both the
volumetric and gravimetric energy density. Additionally, for
high-capacity active materials, electrical disconnection takes
place due to the severe volume expansion during electro-
chemical operation; for example, the silicon anode is known to
suffer a volume expansion of almost 4 times during lithiation.
An ideal binder system should integrate mechanical stability
and electrical conductivity, so both factors can be maintained
throughout electrochemical operation.
As shown in Figure 20, soft XAS reveals a LUMO state

sitting at a very low energy in samples with carbonyl groups.
This carbonyl induced π*CO transition is even lower in energy
compared with that of the typically low-energy π*CC states.
This soft XAS finding also agrees with ab initio density
functional theory (DFT) calculations. The calculation further
predicts that charge transfer to this low-energy state, which
improves the overall electric conductivity, will take place if such
materials are used under reducing environment in batteries.
Such information provides unambiguous understanding of the
improved electric conductivity in the battery binder system.
Electrodes made by mixing commercial Si particles with the
PFFOMB polymer binder and without any other conductive
additives show improved cycling performance compared to
those made with conventional formulations.268 These data
advance development of a functioning silicon electrode269 and
provide understanding of the performance variation between
different conductive polymer materials.
4.3.3. Quantitative Analysis of Transition Metal

Redox. Soft XAS is a direct probe of the excited TM3d states
through the dipole allowed 2p to 3d (L-edge) electron
excitations, which fingerprints the formal valence, spin state,
and chemical bond configuration.257,270 There are several
unique advantages of studying TM L-edges in battery materials.
First, because the TM L-edge spectral line shape is defined
largely by the atomic multiplet effects, sharp and well-defined
features can be observed in soft XAS results, which provides a
unique opportunity for detailed and quantitative analysis. By
virtue of the sensitivity to the TM3d states and the sharp
features from multiplet effects, TM L-edge soft XAS is arguably
the most direct probe of the TM redox in battery electrodes.
Second, due to the intrinsically different penetration depths of
electrons and phonons, the probe depth of soft XAS in the
electron and photon detection modes ranges from several
nanometers to about 150 nm and can be tuned. This enables
soft XAS to probe the differences between the surface and the
bulk in battery materials. Third, with high brilliance third
generation synchrotron facilities, it is now possible to utilize
TM-L soft XAS as not only a sensitive and quantitative probe of
the TM3d states, but also to perform experiments in situ and
operando,271−274 with nanometer scale spatial resolution for
imaging charge diffusion in battery materials (although with
some caveats).275

Figure 21 is a summary of three selected examples of
quantitative soft XAS studies of Mn, Fe, and Ni cations in
battery cathodes for Na ion and Li ion batteries. For the
Na0.44MnO2 electrodes, a quantitative analysis of Mn L-edge
soft XAS on a series of Na0.44MnO2 electrodes cycled to
different SOCs was performed.276 The dotted lines are
simulated spectra obtained through a straightforward linear
combination of three spectra of Mn2+, Mn3+, and Mn4+

reference samples.277,278 The simulation completely reproduces
all the high-resolution features in the experimental soft XAS

data, which provides a precise determination of the surface Mn
valence distribution at different SOCs.
The analysis showed that, when the electrode was discharged

from 4 to 2.6 V and Na ions were inserted, the Mn4+

concentration decreased monotonically and the Mn3+ concen-
tration rose. Na0.44MnO2 based electrodes have been assumed
to undergo only Mn3+/4+ redox reactions during cycling under
normal conditions.279,280 However, this quantitative analysis
showed that when the cell was further discharged below 2.6 V,
the Mn2+ concentration increased rapidly. The comparison
between soft XAS in TEY mode and hard XRS further proved
that Mn2+ formation occurs only on the surface.276 The surface
Mn2+ is likely to be detrimental to performance because of its
solubility in the electrolytic solution but could be suppressed by
limiting the discharge cutoff voltage to 2.6 V or higher, which
could improve the capacity retention over extended cycles.
Indeed by limiting the discharge cutoff to 3 V, negligible
capacity loss and surface Mn2+ formation was observed after
100 cycles.276

Quantitative analysis of the TM redox in battery electrodes is
the most straightforward in systems that undergo two-phase
transformations with a single redox TM cation, where only two
end member phases are involved throughout the electro-
chemical cycling, as with the LiFePO4 electrode. Figure 21
demonstrates another perfect quantitative fitting of the soft
XAS data taken on LiFePO4 electrodes at different states-of-
charge. A linear combination of soft XAS spectra of the two end
states LiFePO4 and FePO4 can be used for quantitative spectra
simulations. The SOC of the intermediate states can be
precisely determined.281

It is worthwhile noting that the high sensitivity and precise
definition of the Fe valence state in LiFePO4 through soft XAS
provides a unique opportunity to detect the SOC distribution
or the Li-ion diffusion dynamics throughout electrodes. The
advantage of soft XAS has been well-utilized in recent in situ
microscopic studies of LiFePO4 electrodes (more discussion
later).129,282,283 Additionally, the surface sensitivity of the TEY
mode of soft XAS enables position sensitive measurements on
the TM redox states on the two different sides of an electrode
(i.e., the sides facing the separator and current collector).
Although the electrolytic solution typically soaks through the
whole electrode, the (10 nm) surface sensitivity of the soft XAS
TEY signals allows the detection of the contrast between the
electrode particles attached directly to the current collector
(after peeling off) and the particles directly contacting the
separator, which are wet first during assembly of the cell. Such
contrast provides two important pieces of information on the
electrode: the charge diffusion and the lateral SOC gradient in
electrodes85 and the effect of electrolytic solution exposure on
the surface of the electrode particles.277

It is relatively easy for soft XAS to probe the TM states on
the surface of a battery electrode, but it is desirable to provide
the TM redox contrast between the surface and the bulk of
electrode particles. The TFY signal of soft XAS probes to
depths of hundreds of nanometers but suffers from self-
absorption distortion. There are two ways to conquer this
technical problem. One is to utilize the IPFY (described above)
that is a bulk probe without self-absorption distortions,262,263

another is through theoretical calculations that takes the
distortion into account. Because the multiplet effect in the TM
L-edge leads to distinct features in the soft XAS spectra,257,270 it
is possible to achieve a quantitative analysis of the TM redox
with the aid of multiplet calculations. Figure 21 shows the
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comparison of the calculated Ni2+, Ni3+, and Ni4+ TFY spectra
with the soft XAS data collected in TFY mode of a
LiNi0.5Mn1.5O4 cathode material.284 The Ni-L edge soft XAS
collected on a series of LixNi0.5Mn1.5O4 electrodes at different
SOCs could be perfectly fitted again with the calculated spectra
of Ni2+, Ni3+, and Ni4+ in an octahedral crystal field.284 In
contrast to the LiFePO4 cathode in which the soft XAS TEY
spectra of intermediate states could be well-reproduced by
linear combination of two end member spectra, the Ni-L edge
absorption spectra of LixNi0.5Mn1.5O4 electrodes have distinc-
tive features at different photon energies from the two end
states at 50% state of charge. Therefore, the intermediate states
of LixNi0.5Mn1.5O4 cannot be reproduced by mixing the features
of Ni2+ and Ni4+, which implies the appearance of a stable
intermediate Ni3+ valence state in the half-charged state. The
theoretical multiplet calculation was based on the single
impurity, and the Anderson model proves that the distinctive

features arise from the Ni3+ state. Such a quantitative analysis
via the combination of experimental soft XAS spectra and
theoretical calculated spectra provides the evidence of a single
electron transfer mechanism and sequential redox reactions of
Ni2+/Ni3+ and Ni3+/Ni4+.
Therefore, the sensitivity of the soft XAS to the TM 3d states

enables various approaches for quantitatively determining the
TM redox in a battery electrode. This analysis can be
performed with both surface and bulk sensitivity, under ex
situ and in situ conditions and for different types of phase
transformations. The details revealed through such soft XAS
studies clarify the TM redox processes as a function of the
positioning and the electrochemical potential of a battery
electrode.

4.3.4. Soft XAS to Probe Surface Chemistry. Because of
its unique capabilities of surface probing and depth profiling,
soft XAS has been widely applied to investigate surfaces of

Figure 22. (a) Ex situ soft XAS of NiO based composite electrodes at different SOCs, where the XAS measurement was done using the AEY mode,
and the voltage profile is provided in parallel to indicate the SOCs and (b) soft XAS O K-edge spectra for electrodes in the pristine state (gray) and
in the 50% SOC (red). Reprinted with permission from ref 91. Copyright 2014 Nature Publishing Group.

Figure 23. (a) Ex situ XAS of Mn L-edge spectra and (b) Co L-edge XAS spectra after different cycles at 2.0−4.7 V vs Li+/Li in organic electrolyte;
the same color scheme applies to (a) and (b). (c) Mn L-edge spectra and (d) Co L-edge spectra after two charge−discharge cycles in the AEY
(blue), TEY (red), and FY (green) detection modes. EELS line scan profile for an NMC particle along the <001> direction after five cycles: (e)
STEM image shows the EELS scanning path, (f) Mn L-edge EELS spectra along the scanning path, where the red and green spectra represent Mn2+

and Mn4+ spectra, respectively. (g) 2D EELS map and (h) concentration profiles for Mn2+ and Mn4+. The scale bar in (e) is 2 nm. Reprinted with
permission from ref 90. Copyright 2014 Nature Publishing Group.
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anodes, cathodes, and solid electrolyte materials. The soft XAS
measurement, particularly when it is performed using electron
yield modes (e.g., AEY, TEY), can be used to monitor the
growth and decomposition of electrode−electrolyte inter-
phases, for example, the solid-electrolyte interphase (SEI)
between the anode and the organic liquid electrolyte. Some of
our coauthors have studied the changes of the SEI layer on an
electrode containing a conversion material (i.e., NiO).91 Due to
the small mean free path of Auger electrons in the SEI layer, the
absolute intensity of Ni L-edge soft XAS/AEY is sensitive to the
thickness of SEI, and exponentially decays as a function of the
thickness. The intensity decreased as the electrode was
discharged and increased as the electrode was charged,
indicating the growth and decomposition of the SEI layer,
respectively (Figure 22a). The subsequent soft XAS/TEY O K-
edge study showed that the oxygen local environment changed
from NiO (Ni3d-O2p hybridization) to carbonate-dominated
species (Figure 22b). A STEM-EELS (scanning transmission
electron microscopy-electron energy loss spectroscopy) study
(Li K-edge, C K-edge, and O K-edge) on the same set of
electrodes confirmed the presence of Li2CO3 in the SEI layer.91

NMC materials undergo surface reconstruction to form a
rocksalt phase under a variety of conditions. It is particularly
severe when they are cycled to high voltages, and increased cell
impedance and poorer rate capability is observed as a
consequence of this as well as CEI formation (the product of
electrolyte decomposition, see more in Figure 30 and the
associated discussion). Lin et al. performed soft XAS
measurements on composite electrodes containing NMC442
materials after electrochemical cycling under a variety of
conditions.88,90 In particular, the authors focused on the
changes of oxidation states of Mn and Co at the electrode
surfaces. Measured by soft XAS in the TEY mode, Mn and Co
ions were both gradually reduced as the cycle number
increased, as evidenced by the intensified shoulders at the
lower energy of L3 edges (Figure 23, panels a and b). The
direct comparison between the spectra collected using AEY,
TEY, and FY showed that the reduction of Mn and Co were
more severe at the surface (Figure 23, panels c and d). STEM-
EELS can probe electronic structure of these transition metals
at a much smaller length scale and provide complementary
information to the ensemble-averaged soft XAS. Figure 23
(panels e and f) clearly substantiated that the reduction
occurred at the surface, with a thickness of the order of several
nanometers. This was one of the first studies to combine core-

level spectroscopic analytical tools at the identical energy edge
but complementary length scales (STEM-EELS and soft XAS)
and directly illustrated the origin(s) of the challenges when
cycling NMC materials to elevated voltages. Soft XAS has also
been used to monitor the impact of synthesis conditions on the
electrochemical performance.285,286 Xu et al. discussed the
importance of excess lithium precursor in the synthesis of
LiNiO2, they determined, from the soft XAS study, that a
higher amount of excess lithium (∼10%) helped inhibit the
formation of NiO on the surface and yielded a product with the
best practical discharge capacity and rate performance.286

Soft XAS was also employed to estimate the thickness of the
Li2CO3 layer formed on air-exposed LLZO using the same
samples studied by XPS described in section 4.4.2. Cheng et al.
designed an experiment where LLZO pellets were exposed to
different ambient conditions (e.g., air exposure vs Ar
exposure).287 The O K-edge soft XAS is sensitive to the local
chemical environment and can be used to monitor the buildup
of Li2CO3, in particular when it is combined with C K-edge soft
XAS. As shown in Figure 24 (panels a and b), the pure Li2CO3
spectrum (top) exhibited a peak at 534.1 eV, originating from
the electron transition from the O 1s to π* (CO) orbital,
similar to that in Figure 22b. However, the LLZO sample that
was exposed to Ar only showed a lower absorption peak at
533.0 eV, related to the lattice oxygen in LLZO, and no Li2CO3
signal was detected. The TEY of LLZO_air (middle) is similar
to that of the pure Li2CO3 reference. In other words, Li2CO3
was detected on the LLZO_air pellets but was not on
LLZO_Ar. When the probing depth increased to ∼100 nm
using the FY mode, LLZO_air and the LLZO_Ar samples both
showed LLZO peaks at 533.0 eV. An additional O K-edge peak
at 534.1 eV was detected for the former because of the Li2CO3
on the pellet surface (Figure 24b, middle and bottom). In
addition, the C K-edge soft XAS spectra (Figure 24, panels c
and d) on the same samples provide supporting evidence for
the assignment of Li2CO3 on the air-exposed sample (i.e.,
LLZO_Ar). The appearance of a minor peak at 533.0 eV in the
TEY spectrum of LLZO_air implies that the Li2CO3 thickness
is near or slightly lower than the detection depth of the TEY
mode (∼10 nm). The study not only confirmed the XPS
finding in section 4.4.2 but also semiquantitatively estimated
the thickness of surface Li2CO3 layer to be close to or slightly
lower than the 10 nm detection depth of the TEY mode. This
study confirmed the findings of the XPS experiment, which
estimated a lower limit of ∼3 nm for this layer.

Figure 24. O K-edge ex situ soft XAS spectra of LLZO_Ar (cyan), LLZO_air (red), and Li2CO3 (black) in (a) TEY mode and (b) FY mode; C K-
edge soft XAS spectra of LLZO_Ar (cyan), LLZO_air (red), and Li2CO3 (black) in (c) TEY mode and (d) FY mode. Reproduced with permission
from ref 287. Copyright 2014 PCCP Owner Societies.
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Cheng et al. also studied the air stability of Al-substituted
LLZO solid electrolytes made from different processing
routes288 that resulted in two distinct microstructures. The
first one consisted of grains about 10−20 μm across (LLZO_S)
at the surface of the pellet, and the second sample had much
larger grains of about 150−200 μm across (LLZO_L). As
shown in Figure 25, after being exposed to air for 24 h, both
samples developed a layer of Li2CO3 at the surface, but the
thickness of the Li2CO3 layer differed markedly for the two
types of samples. By evaluating the garnet versus carbonate
peak ratio in the O K-edge TFY soft XAS spectra, it was
determined that much less Li2CO3 formed on the small-grained
sample than on the large-grained sample. Synchrotron XPS
analysis of the pristine samples revealed that the top surfaces of
the small-grained LLZO samples contained less lithium and
more aluminum than the large-grained samples. The processing

conditions used to make the large-grained sample caused some
aluminum to segregate into the lower-lying grain boundaries,
enriching the grains with lithium. The high lithium content of
the grains made the large-grained LLZO sample more sensitive
to air.

4.3.5. Valence Electron Configuration: Anionic Redox
and XES. As a typical “electronic” device, a lithium-ion battery
operates with evolving electronic states in its active
components, including the electrodes and the interfaces. The
potentials and kinetics of the electronic states determine the
transport of the charge carriers (i.e., Li ions and electrons). The
configurations of the electronic states regulate the chemical
reactivity at the surface and interfaces and determine the
chemical reactions at the electrode−electrolyte interfaces.
These crucial chemical processes can occur via direct redox
reactions within the electrodes or electrolyte and indirect

Figure 25. (a) O K-edge ex situ soft XAS spectra for pristine large-grained LLZO (green), small-grained LLZO exposed to air for 24 h (cyan), large-
grained LLZO exposed to air for 24 h (red), and Li2CO3 (black) in the TEY mode. (b) O K-edge soft XAS spectra for pristine LLZO (green), small-
grained LLZO exposed to air for 24 h (cyan), large-grained LLZO exposed to air for 24 h (red), and Li2CO3 in the FY mode. (c) The deconvolution
of the O K-edge pre-edge peak to separate the contributions from oxygen of Li2CO3 (yellow) and oxygen of LLZO (purple). Reprinted from ref 288.
Copyright 2015 American Chemical Society.

Figure 26. (a) The ex situ Fe L3-edge XES results collected on LiFePO4 and FePO4. For the lithiated state in LiFePO4, an occupied minority-spin
Fe3d state is separated from the majority-spin state and sits at high energy close to the Fermi level (red arrow). (b) Schematic of the occupied and
unoccupied electron states that correspond to the main characterization of the states involved in a battery charge and discharge process, respectively.
These states could be experimentally determined through soft X-ray XES and soft XAS. Reproduced with permission from ref 296. Copyright 2015
PCCP Owner Societies.
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interfacial catalytic reactions. Two critical electron state
configurations are thus relevant to a battery performance.260

One is the surface electron state that determines or affects the
surface activity of an active material when contacting the
electrolyte;259 the other is the relative configuration of the TM-
3d and anion p states in the bulk electrodes. The invention of
the first generation of lithium-ion battery cathodes, LiCoO2, by
Goodenough’s group was inspired by the concept of “redox
pinning” in transition metal oxides, which is related to the
relative positioning of the TM and anion states on a common
energy scale. This fundamental concept determines the safety
and voltage limits of a battery electrode.289,290 Interestingly, the
discussions resemble those formulated by the Zaanen-
Sawatzky-Allen (ZSA) diagram,291 which can be experimentally
verified by a combination of soft XAS and XES.292,293

Clarification of the electron state configurations has recently
become more critical with the new realization that anionic
redox can occur for some types of battery cathode materials.46

This concept is fundamentally based on some specific electron
state configurations that stem from either the oxygen dimer294

or a lithium excess environment.295 Sitting at the center of all
these discussions is the configuration of the occupied electron
states of the TM and O, which can be systematically studied
through soft X-ray XES.292,293

Figure 26 presents the Fe L3-edge XES results collected on
LiFePO4 and FePO4.

296 For the Fe2+ states in LiFePO4, the Fe
L-edge XES displays an occupied Fe3d state that sites at higher
energy compared with other 3d states (red arrow). Theoretical
analysis shows that the Coulomb interactions of Fe3d electrons
lead to such reshuffling of the states with opposite spins.
During the delithiation of LiFePO4, only these high-energy
Fe3d electrons are removed because they are relatively close to
the Fermi level. In the other hand, the O K-edge soft XAS and
hard X-ray Raman spectroscopy (XRS) show that the
unoccupied Fe-3d states also sit close to the Fermi level (not
shown) for the delithiated state of FePO4.

296 Therefore, for
both the charge and discharge process, the charge transfer takes
place only on the Fe3d states. This finding naturally explains
the stability of oxygen in LiFePO4 based electrodes during
electrochemical operations, thus providing a fundamental
mechanism to understand the better safety of LiFePO4
electrodes compared to other types of electrode materials.
In physics, the design and operation of Li-insertion cathodes

are fundamentally defined by the electron states in the vicinity
of the Fermi level of the electrode material. Because the soft
XAS and XES results correspond to the unoccupied and
occupied states, respectively, they become the tools-of-choice
to detect the critical electron states associated with the
discharge and charge process.296 As a matter of fact, the
fundamental electron state configuration has been one of the
key factors triggering the developments of the LiFePO4 and
LiCoO2 materials for batteries.297 Because most battery cathode
materials are 3d TM compounds, soft XAS, XES and RIXS are
potentially able to provide clarification of the TM and anionic
redox and lead to guidelines for optimizing TM-based battery
electrodes, particularly as interest grows in the possibility of
utilizing anionic redox for next-generation materials.
4.3.6. Soft X-ray In Situ and Operando Techniques.

Soft X-ray techniques have been extensively employed to study
the properties and processes under ultrahigh vacuum (UHV)
conditions. The intrinsic small penetration depth of soft X-ray
photons, with probe depths of several nanometers and
hundreds of nanometers, is both advantageous and disadvanta-

geous. On one hand, soft X-ray is a powerful technique for
understanding the surface chemistry of electrodes and solid
electrolytes; an example already covered here is that of the SEI
on anode surfaces.298 On the other hand, the limited
penetration depth of soft X-rays leads to serious limitations
for its employment in practical applications, especially at the
gas−solid and liquid−solid interfaces under ambient pressure.
Fortunately, the combination of synchrotron radiation with
high brightness and modern soft X-ray experimental systems
have led to tremendous progress in integrating practical sample
environments for soft X-ray spectroscopic experiments. Never-
theless, it is important to note the necessity of combined in situ
and ex situ experimental methods. The in situ and operando
soft X-ray experiments involve complicated instrumentation
systems and often have low signal-to-noise level and mixed
signals with artificial effects, making it difficult for in-depth and/
or precise analysis. The decades of work from ex situ studies
still serves as the foundation of soft X-ray sciences, and they will
continue to be an indispensable part of soft X-ray spectroscopy.
In the meantime, the past decade has witnessed rapid progress
on designing different in situ/operando cells for use with soft
X-ray spectroscopy.299−306 Various in situ/operando soft X-ray
techniques have been rapidly developed and optimized,
including those with operando electrochemical cycling.304−306

At this time, almost all the aforementioned soft X-ray PIPO
techniques can be performed under in situ or operando
conditions.84

There are various ways to achieve measuring soft X-ray
signals of samples under electrochemical operation. First, a
solid-state battery system could be easily incorporated into a
modern soft X-ray experimental system with some straightfor-
ward in-vacuum electric connections.283 Second, the detection
instrumentation could be designed for working under real
world conditions, typically through differential pumping (e.g.,
for ambient pressure XPS). Third, a very thin soft X-ray
window about a hundred nanometers thick could be used to
isolate the sample environment from the UHV chamber.
Demonstrations of membrane windows have been reported for
operando soft X-ray PIPO spectroscopy of both static and flow
through liquid and gas,305,306 as well as battery cells.304

4.4. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is a ubiquitous tool in surface
analysis, which has seen a tremendous growth over the past 30
years into one of the primary techniques for chemical analysis.
Core-level photoemission has the ability to provide atomic
fractions of the elemental composition down to 0.1%
sensitivity, and as shown already in the seminal work of
Siegbahn et al.,307 through the screening and/or charge transfer
between the core-excited atom and its environment, superb
sensitivity to the chemical state of the atom. Traditionally, XPS
has been performed in lab-based setups, where a fixed photon
source (typically Mg or Al Kα X-rays at 1253.6 and 1486.6 eV,
respectively) of about 1 eV resolution is used in conjunction
with a hemispherical or cylindrical electron analyzer. With a
fixed energy, the kinetic energy of the outgoing electron varies
from a few hundred eV up to and above 1000 eV, which results
in an inelastic mean free path (IMFP) from 1 nm up to about a
few nm, making the technique very surface sensitive.
Synchrotron radiation has played an important role in the

applicability of XPS to interfacial studies of materials, through
the improved photon flux and energy resolution allowing for
routine high-resolution XPS, the enabled small spot focus from
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high brilliance insertion devices, and the ability to change the
photon energy which strongly affects cross section and probing
depths through the varying outgoing electron kinetic energies.
The variability in cross section and probing depth enabled by
synchrotron radiation has increased the utility of XPS for
battery materials and rendered the technique complementary to
XAS, since they both can access the chemical state of the
elements in the surface and near-surface region, respectively.
XPS does not display the same sensitivity as XAS and typically
cannot resolve symmetry, spin-state, and local distortions for
the same valence. However, the reduced complexity is often
preferred when the main components of each element (e.g.,
metallic vs oxide or single-bonded vs double-bonded) is sought,
or when a full account of the elemental composition is required
from the surface region. Moreover, in XAS, when the energy
region does not offer a direct transition from the core hole of an
element into the frontier orbitals of the material, the better
choice might be to extract chemical information from a sharp
core-level peak arising from that same element via XPS (which
can be at any binding energy below the excitation energy). XPS
also remains the most widely applied and classical tool for
extracting information about elemental composition and
chemical states described in the scientific literature, which
makes the observations easier to analyze, and, when
disseminated, more widely accepted by a large audience. In
the following, we address soft/tender X-ray photoelectron
spectroscopy and hard X-ray photoelectron spectroscopy
separately, with the primary distinction being the degree of
surface sensitivity. Overall, XPS is generally considered as a
surface sensitive technique compared to hard XAS, where X-
rays can penetrate deep through the probed materials. Also,
caution needs to be taken when comparing the XPS elemental
quantification with the global composition of the probed
materials.
4.4.1. Hard X-ray Photoelectron Spectroscopy. Hard

X-ray photoelectron spectroscopy (abbreviated HAXPES,
HXPS, or HX-PES) generally refers to synchrotron XPS
experiments in the energy range between 2000 and 15000 eV,
in contrast to soft XPS (SXPS) where the energy range is much
lower308 (see Figure 27). The ability to tune the kinetic energy
ranges of the analyzed photoelectrons allows for variable depth
analysis,309 as with SXPS, but to a different extent. The higher
energy range of HXPS means that depths up to several tens of

nanometers (i.e., into the bulk of the sample) can be probed in
a nondestructive manner, about an order of magnitude greater
than what is accessible by SXPS.310,311 Although HXPS was first
demonstrated in 1974,312 its application to battery science is
much more recent, occurring primarily after development of
advanced beamlines at synchrotron facilities such as BESSY 2 in
Germany and SPring-8 in Japan in the mid-2000’s.313

One of the earliest HXPS studies involved an investigation of
NCA electrodes removed from cells cycled at different
temperatures.314 Increased amounts of carbonate species,
degradation products of the electrolyte, and a Li-deficient
cubic phase on NCA electrode surfaces were correlated with
the power fade exhibited at elevated temperatures. HXPS was
also used to identify and quantify the thickness of reaction
layers on LiCoO2 electrodes stored in electrolytic solutions at
room temperature and 60 °C.315 Thin film electrodes deposited
on nickel substrates were used as model systems to determine
component thicknesses and compared to results with
composite electrodes. Thicknesses of about 30−40 nm for
LiF, CH3OCO2Li, and Li2CO3 were estimated on composite
LiCoO2 electrodes stored at 60 °C.
A later study of NCA electrodes taken from cells cycled more

than 1000 times at room temperature also showed evidence of
surface degradation.316 A comparison of the Ni 2p3/2 core level
spectra of the NCA electrodes before and after cycling was
consistent with generation of an inert NiO phase at the surface
(probing depth of the experiment was about 10 nm). The
ability to probe into the bulk of the electrode allows
information about transition metal oxidation states as a
function of SOC or cycling history to be obtained without
interference from reaction layers or any coatings that are
present (i.e., “buried interfaces” can be studied). For example,
evidence for the participation of both Ni and Ti ions during
cycling of a Ni0.5TiOPO4 conversion electrode was observed in
Ni 2p3/2 and Ti 2p core level spectra, in addition to formation
of an SEI layer in the C 1s spectra.317 Likewise, differences in
Mn oxidation states could be observed in epitaxial thin films of
LiNi0.5Mn1.5O4 with and without Li3PO4 coatings 1−4 nm
thick.318 Depth profiling of thin film LiNi0.5Mn1.5O4 electrodes
coated with Li4Ti5O12 carried out by a stepwise increase in
photon energy319 revealed intermixing of Mn and Ni ions with
Ti in the Li4Ti5O12 layer, as well as a surface layer
approximately 3 nm thick consisting of organic polymers and

Figure 27. (a) Universal curve for the inelastic mean free path (IMFP) versus the kinetic energy of the photoelectrons. (b) Illustration of the energy
range (hν and Ek) reached by using monochromatic (Al Kα X-ray) or synchrotron (soft X-ray and hard X-ray) sources. For a particular beamline,
constraints in the monochromator configuration control the accessible energy range. Grazing incidence grating monochromators are equipped on
soft X-ray beamlines to reach 1−2 keV with high efficiencies, whereas for X-ray energies higher than 2000 eV crystal monochromators are needed.
Reproduced with permission from ref 308. Copyright 2016 Electrochemical Society.
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metal fluorides and fluorophosphates. Depths probed ranged
from 6 to 20 nm, based on eq 6, where dp is the probing depth,
λ(K.E.) is the IMFP of the photoelectrons in the substrate, and
θ is the electron takeoff angle (TOA), which was fixed for this
particular study.

λ θ=d 3 (K.E.)sinp (6)

Changing the TOA also allows the probing depth to be
varied, as was done in a recent study of an Al2O3-coated
Li1.2Ni0.18Co0.03Mn0.58O2 (LMR-NMC) electrode.320 The
HXPS data revealed that a LiM1−xAlxO2 interlayer formed as
a consequence of the coating procedure (Figure 28). SEI layer

formation on graphite anodes has also been studied as a
function of SOC,321 temperature, aging,322 and/or the presence
or absence of additives in the electrolytic solutions.323,324 These
studies reveal a complex and dynamic process, with both the
nature of the components and the thicknesses of the SEI layers
changing depending on cell history and additive used, in
contrast to reaction layers on a positive LiFePO4 electrode,
which appear to be thinner and less variable.325 In the study
referenced in ref 325, HXPS was combined with SXPS, allowing
tuning of probing depths over a range of 2−50 nm to be carried
out. Figure 29 shows the PES spectra obtained on a lithiated

graphite anode from this work and clearly illustrates the
complex nature of the SEI. There was a gradient distribution of
chemical environments for all the probed elements as a
function of depth from 2 nm on the surface to 45 nm in the
subsurface.
Buried interfaces on hard carbon electrodes have been

studied with HXPS, allowing elucidation of the mechanism of
lithium insertion into the carbon below the SEI layer.326 C 1s
and Li 1s spectra were obtained on hard carbon electrodes at
different states-of-charge in conjunction with conventional XPS
data, which allowed components of the SEI to be identified.
The deeper penetration depths allowed contributions from the
SEI layer to be deconvoluted from those of the carbon
electrode itself.
The effects of additives on SEI formation on Si327,328 and

Sn329 anodes have also been examined and compared to
processes on graphite electrodes. Ref 330 describes SEI
formation from electrolytic solutions containing a promising
new salt, lithium 4,5-dicyano-2-(trifluoromethyl)imidazolide
(LiTDI), on Si electrodes. While LiTDI partially decomposes
upon cycling, unwanted side reactions involving Si do not
appear to occur because HF, a common decomposition product
of LiPF6, does not form from LiTDI. The SEI layer appears to
be thicker than those formed on Si or graphite electrodes from
LiPF6-containing carbonate solutions but contains similar
reaction products such as organic compounds formed from
carbonate decomposition and LiF.
The relative newness of the HXPS technique, and the fact

that it is available at only a few synchrotron facilities in the
world mean that few Beyond Lithium Ion systems have been
investigated. It has, however, recently been applied to the study
of the sodium-ion battery cathode material, P2−
NaxCo2/3Mn2/9Ni1/9O2.

331 Transition metal oxidation states as
a function of SOC were determined from analysis of Co 2p, Mn
3s, and Ni 2p core-level spectra and revealed that all metals
were electrochemically active, although at different stages in the
cycling. The evolution of the reaction layer on the surfaces of
the electrode was also followed. Both NaF and Na2CO3 were
present on the pristine electrode prior to electrolyte exposure,
where the former stemmed from binder decomposition and the
latter originated from synthesis. During charging, these species
gradually disappeared, possibly due to dissolution into the
electrolytic solution, but then reprecipitated onto the electrode
surface upon discharging. Voltage-dependent phosphate and
fluorophosphate decomposition products of the NaPF6 salt
were also observed during cycling.

4.4.2. Soft and Tender X-ray Photoelectron Spectros-
copy. The soft X-ray region provides high-resolution and high
cross section for most elements of interest to the battery
materials scientists. In particular, both the 2p and 3s/3p edges
are available from the 3d transition metals. The light elements
that form the surface reaction layer are also accessible. By
tuning the excitation energy from above 1000 eV down to a few
hundred eV or below, the surface sensitivity can be varied from
a few nanometers to below a nanometer. This sensitivity has
recently been used extensively to study ex situ the surface
composition and chemical state of the reaction layer during its
formation. Due to the electrolyte oxidation when cycling to
high potentials, the chemical environment at the surface of
cathode materials can be extremely complicated. A recent study
of this subject was conducted by Lin et al. using soft XPS for
Ti-containing LiNi0.4Mn0.4Co0.2O2.

88 Three incident photon
energies (1150, 650, and 280 eV) were used to probe the near

Figure 28. Al 1s HXPS spectra of uncoated and alumina-coated LMR-
NMC samples obtained at takeoff angles of (a) 80° (coated), (b) 15°
(coated), and (c) 80° (uncoated). The red and blue lines represent
fitted curves and their components, respectively. Reprinted with
permission from ref 320. Copyright 2016 Elsevier Ltd.
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surface chemical environment. According to the universal
mean-free path equation reported by Seah,332 these photon
energies probe 1.36, 0.83, and 0.43 nm into the surface,
respectively, for Li 1s and TM3p XPS in LiNi1−x−yMnxCoyO2

materials. Figure 30 shows the XPS O 1s, TM3p, and Li 1s
spectra after the electrode exposed to electrolyte and in the
charged state (4.7 V vs Li+/Li). The intensity of O 1s associated
with the NMC material changes as a function of the thickness

Figure 29. Lithiated graphite anode PES spectra. The lines in the figure mark observed depth gradients. Each spectrum was normalized by the area
of the respective elemental signal. Reprinted with permission from ref 325. Copyright 2013 Elsevier Ltd.

Figure 30. XPS spectra for Ti-containing LiNi0.4Mn0.4Co0.2O2 electrodes after electrolyte exposure and in the charged state using different incident
X-rays. (a) O 1s XPS spectra using incident photon energies of 650 and 1150 eV, where the O 1s associated with Ni, Mn and Co locates at the lower
binding energy and that associated with CO and C−O locates at the higher binding energy. (b) Schematic representation of surface phenomenon
in the electrodes, where the surface is covered by the organic overlayer. The thickness of this overlayer increases when the electrode is charged. (c)
TM3p and Li 1s XPS spectra using incident photon energies of 280, 650, and 1150 eV, where the black and red curves represent the electrodes after
electrolyte exposure and in the charged state, respectively. Reproduced with permission from ref 88. Copyright The Royal Society of Chemistry.
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of the surface organic overlayer. Figure 30a shows that its
intensity increases as the probing depth increases (compare O
1s spectra of 650 and 1150 eV incident X-rays). In addition,
due to the electrolyte decomposition during the charging
process, the surface reaction layer in the charged sample is
thicker than that formed from simple exposure to the
electrolyte, as schematically shown in Figure 30b. The most
striking change in the lower binding energy region is the
decreased intensity of the L 1s signal as the probing depth
increases (Figure 30c), which strongly suggests that the surface
reaction layer is rich in lithium whereas the portion underneath
is poor in lithium. This is consistent with coulometry. In the
charged sample (red plots in Figure 30c), a gradual increase of
Ni 3p and Mn 3p binding energies was observed as the incident
photon energy increases, indicating that the surface of the
cathode particles is less oxidized than that in the bulk. The
sample exposed to electrolyte shows a similar Mn oxidation
state gradient. These XPS observations are consistent with an
earlier soft XAS and STEM-EELS study that the TMs at the
surfaces of LiNi1−x−yMnxCoyO2 materials are less oxidized
compared to those in the bulk.90

Li-containing compounds such as Li2O2 and Li2CO3 are
frequently found on the surfaces of inorganic oxide materials
that contain lithium and may affect the electrochemistry.333

The presence of such Li-rich layers would decrease the XPS
signals of inorganic oxide materials underneath the layers.333

Recent studies have shown that even very thin layers of Li2CO3
on the surface of solid-state electrolytes are responsible for high
interfacial impedances observed in Li/LLZO/Li cells (LLZO =
Li7La3Zr2O12).

287 Cheng et al. used synchrotron XPS to
investigate the surface chemistry of Al-substituted LLZO
exposed for several days to ambient atmosphere and compared
them to samples protected under Ar.287 They found that air
exposure resulted in a surface carbonate layer on the LLZO-air,
which was thick enough to block the photoelectron signals of
La and Zr. On the basis of the physics of this and other
synchrotron experiments, the thickness was determined to be at
least 2 nm thick. This analysis was further supported by both
the Li 1s and O 1s spectra, which showed signals belonging to
Li2CO3 (Figure 31).
The ability to use tender and high photon energy excitation

has enabled near-ambient sample environments and a new suite
of in situ studies of solid/gas and liquid/gas interfaces. Several
important studies using tender XPS were initiated at the

Advanced Light Source at Lawrence Berkeley National
Laboratory. In particular, the team recently reported the direct
probing of solid−liquid interfaces using tender X-ray ambient
pressure XPS,334−337 using a custom spectrometer with
differential pumping and specially developed entrance apertures
for the electrons. This allowed XPS data to be collected from a
sample environment of nearly 100 Torr, which enabled probing
of the interface between an aqueous solution and the electrode
material under background pressure of the liquid−gas
equilibrium. The experimental design was called “dip & pull”,
where a stable nanometers-thick aqueous electrolyte was
created on the working electrode and electrochemically
connected to the bulk solution in the beaker (schematically
shown in Figure 32).338 Due to the relative deeper probing

depth of tender X-rays compared to soft X-rays, the electrons
have enough kinetic energy to escape from the interface
between the working electrode and the aqueous electrolyte
through the nanometer thick liquid layer. Most recently, the
team applied a similar experimental setup to probe the potential
distribution in the electrochemical double layer at a solid/liquid
interface under electrochemical conditions. Apart from a few
exceptions,334−337 this technique has not yet been widely used
in the study of rechargeable batteries but has obvious relevance.

Figure 31. XPS spectra of C 1s, La 4d, Zr 3d, Li 1s, and O 1s collected from LLZO samples exposed to air (red) and protected in Ar (cyan). The
incident photon energy was 640 eV. Reproduced with permission from ref 287. Copyright 2014 PCCP Owner Societies.

Figure 32. Scheme for the “dip & pull” procedure, where (a) XPS
spectra can be collected before the working electrode is submerged in
the electrolytic solution, (b) electrochemistry can be performed by
submerging the electrode in electrolytic solution, and (c) XPS spectra
can be collected while partially pulling it out and maintaining a thin
layer (nanoscale) of electrolytic solution on the electrode. Reprinted
with permission from ref 338. Copyright 2015 Elsevier B.V.
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Further improvement of the technique should allow for probing
nonaqueous systems with good spectral resolution and signal-
to-noise ratio in a more routine approach. This will enable a
new set of studies, such as the reported in situ probing of the
reaction layer on the LixV2O5 surface during cycling,339

indicating that in situ probing of the formation mechanism of
solid electrolyte interphases in batteries are possible.

4.5. Synchrotron X-ray Imaging

X-rays have been used for imaging since late 19th century when
they were first discovered.340 Owing to the exceptional
penetration capability of X-rays, X-ray microscopy offers the
possibility for the direct visualization of battery materials in a
noninvasive manner and, possibly, under operando condi-
tions.341 This capability offers a “seeing is believing” way of
studying and understanding the structure and function
characteristics of battery materials. The implementation of X-
ray micro/nano imaging using synchrotron X-ray sources has
been a game changer thanks to the excellent quality of the
synchrotron generated X-rays including high brightness, wide
energy bandwidth, and adequate coherence.
Depending on the setup of the imaging systems and the

corresponding principles of the information extraction, the
synchrotron X-ray imaging techniques can be grouped into two
categories: real space imaging methods and reciprocal space
imaging methods (Figure 33). In real space imaging methods,
the directly acquired raw data are the real space images, which
are straightforward to visualize. However, the ultimate spatial

resolution of real space imaging methods is limited by the
quality of the optics used in the system, which can be on the
order of 10 nm for soft X-rays and slightly worse for hard X-
rays (see ref 342 for reviews). On the other hand, reciprocal
space imaging makes use of the coherence property of the
incoming X-ray beam to encode the sample’s structural
information in the diffraction pattern (see Figures 33, panels
d−f, as well as ref 343 for a review). Without any optics placed
between the sample and the detector, the restriction on the
quality of optics is dropped and the resolution is, in principle,
limited by the wavelength, which can be as low as 0.1 nm for
hard X-rays. However, a more severe limitation on the
resolution is the amount of scattered radiation,344,345 which is
inevitably dependent on the radiation dose on the sample.
Typically, this resolution is on the order of 5−10 nm
dependent on the sample, in some special cases a sub-5 nm
resolution has been achieved with hard X-ray radiation
(comprehensive reviews of the technique can be found in refs
346 and 347). In reciprocal space imaging, a 2D detector, such
as a charge coupled device (CCD) or a photon counting
detector, records coherent diffraction patterns requiring
sophisticated phase retrieval algorithms348 for reconstruction
of the real space images. This requirement is the major obstacle
for the non-CDI (coherent diffraction imaging) expert
conducting scientific research using this method.
Another way of categorizing the X-ray imaging methods is by

the data acquisition strategy. When a full image can be recorded

Figure 33. Schematic drawings of different X-ray imaging methods. (a and b) are the nanoscale and microscale full-field transmission X-ray
microscopy, respectively; (c) is the scanning micro/nano probe, in which the size of the focal spot determines the resolving power; (d) is the plane
wave coherent diffraction imaging; (e) is the Bragg coherent diffraction imaging, in which the diffraction pattern surrounding a Bragg peak is
recorded; and (f) is scanning coherent diffraction imaging method also known as Ptychography.
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without mechanical movements of the sample, we refer to these
methods as full-field imaging methods. On the other hand,
when the images are built up point-by-point through a
mechanical raster scan of the sample, these methods are
referred to as scanning imaging methods. We show in Figure 33
the schematics of several major X-ray imaging configurations
that have been applied to battery studies. More details about
these imaging methods will be discussed along with scientific
case studies in the sections below.
4.5.1. Real-Space Full-Field Imaging Methods. In real-

space full-field imaging methods an area detector, typically a
charge-coupled device (CCD) coupled with a scintillator
screen, is used to record the X-rays transmitted through the
sample in near field (Figure 33, panels a and b). The scintillator
crystal converts the incoming X-rays into visible photons,
allowing the optical lenses to be utilized for improving the
spatial resolution to (sub-) micron level (Figure 33b),349 which
is limited by the wavelength of the crystal-emitted visible
photons at a few hundreds of nanometers.350 Additional
magnification can be achieved by inserting a Fresnel zoneplate
between the sample and the scintillator screen (Figure 33a),
resulting in spatial resolution close to a few tens of nanometers
for hard X-rays351 and sub-15 nm for soft X-rays.352 The real-
space full-field imaging methods are usually superior in terms of
data acquisition speed, especially when coupled with a
synchrotron light source. The typical exposure time of a single
micrograph can be as short as a few tens of milliseconds.353

While the image contrast caused by the difference in the X-ray
attenuation is the most commonly used contrast mechanism for
full-field imaging methods and can be quantified by applying
white field background correction using the Beer−Lambert law,
the phase contrast354 and the dark-field contrast355−357 can also
be achieved through some modifications of the imaging system,
for instance, by adding additional analyzer optics358−360 or by
moving the detector further downstream of the sample.361

As discussed, the ability to visualize the battery electrode in
real-time operation using real-space full-field imaging methods
is important and can lead to interesting findings that are
otherwise hard to discover. One example is the in operando
investigation of lithium/sulfur batteries by Nelson et al. (Figure
34).362 It is believed that the structural and morphological
change of the active material in the electrode during
electrochemical cycling plays an important role in affecting
the overall behavior of this type of battery. While transmission/
scanning electron microscopy and atomic force microscopy
have been successfully applied in the study of sulfur electrodes
to visualize the morphologies at different states-of-charge,363,364

the limitations in the penetration capability in the above-
mentioned probes has restricted these studies to ex situ work
on sulfur electrodes. Often times, cycled cells are disassembled,
and the electrolyte is washed away by solvents before
characterization.
With the use of transmission X-ray microscopy that provides

spatial resolution down to tens of nanometers scale, Nelson et
al. monitored active sulfur particles in a pouch cell as it
underwent electrochemical cycling.362 Direct observation of the
TXM micrographs (shown in Figure 34) suggested that only a
small amount of the sulfur in the sulfur/super P composite
particles was dissolved during the first discharging plateau. The
efficient crystallization of sulfur at the end of the charge cycle
was promoted by this trapping of the polysulfides. Nevertheless,
the cycle lives of these batteries were impacted by the minor
amount of polysulfides lost to the electrolyte.

There is a possibility that X-ray induced radiation damage
could also cause changes in the sulfur particle’s morphology.365

As a result, it is critical to evaluate the maximum tolerable dose
prior to performing the in situ imaging of the sulfur electrode
particle (and all battery electrodes in general) and to manage
the dose properly to ensure that the observed localized
morphological change is electrochemical reaction related.

4.5.2. Scanning Imaging Methods. Another type of X-ray
imaging is the scanning imaging methods, in which X-rays are
focused to a small spot (typically at the micron level or tens of
nanometers level depending on the focusing optics used) and
the sample is raster scanned in the focal plane (Figure
33c).366−369 Multiple detectors can be integrated to simulta-
neously record different signals (such as transmission,370

fluorescence,215,371 and diffraction372) as a function of the
sample position. Two-dimensional images are, therefore, built

Figure 34. (A) In operando full-field TXM images of a sulfur/super P
composite particle undergoing electrochemical cycling, where the
letters represent points along the charging−discharging curve labeled
a−i in (B). The majority of morphological changes occur between
images a and c, corresponding to the first plateau of the discharge. The
green outline around the particle in (a) is replicated in (c) to show the
shrinkage of the particle and increased porosity. The yellow arrows
show a small particle that expands between (a) and (b). The scale bar
is 10 μm. Reprinted with permission from ref 362. Copyright 2012
American Chemical Society.
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up through the raster mapping. While multiple maps of
different signals can be recorded concurrently, the mechanical
scanning of the sample becomes the major limitation of speed
of data acquisition. With the development of next generation
synchrotron light sources (i.e., the diffraction limited storage
ring)20 and advanced X-ray focusing optics,373−375 it is
anticipated that significantly more photons can be focused
into a smaller focal spot. This could greatly reduce the required
dwell time at each sample position and, subsequently, improve
the data acquisition speed.
One of the most recent developments in the scanning

imaging methods is known as ptychography (Figure 33f).376,377

By making use of the coherence property of the incoming X-
rays, ptychography resolves the sample features that are smaller
than the illuminating spot size. Both amplitude maps and phase
maps can be recovered through a sophisticated phase retrieval
algorithm,376−378 while the fluorescence signal can still be
acquired simultaneously although at a coarser spatial
resolution.379 Another recent noticeable development is small
angle scattering tomography, which provides a survey of
macroscopic (mm scale) sample’s nanoscale structural
information on samples380,381 and is believed to be very useful
for linking material’s macro properties to the structure of its
micro/nano building blocks.
A few good examples of scanning imaging studies for

batteries include Li et al. using STXM (scanning transmission
X-ray microscopy) to map out the state of charge within
LiFePO4 particles,271,275,382 Ohmer et al. using STXM to
investigate the phase evolution in a micro battery config-
uration,383 and Yu et al. studying the particle size dependency
of the nanoscale chemical phase distribution.384 Figure 35
depicts an operando fluorescence-yield X-ray microscopy (FY-
XRM) experiment to track the dynamics of the Fe valence
distribution in LiFePO4 nanoparticles during electrochemical
cycling.271 Soft X-ray TM-L edge spectra are sensitive to the 3d
TM valences,85,260,276−278 as well as their spin states that are
relevant to the electrochemical profile.385,386 Therefore, an in

situ soft X-ray mapping of the TM valence directly corresponds
to the state-of-charge distribution in the electrode particles.
Here, Li et al. assembled a LiFePO4 working electrode of about
10 μm thickness into a soft X-ray operando cell by using a
Si3N4 membrane. The focused soft X-ray penetrated through
the membrane and probed the individual particles during the
electrochemical operation with a spatial resolution of about 25
nm.271 Figure 35 shows the distribution of the Fe3+ (green) and
Fe2+ (red) in a single LiFePO4 particle as it changed during the
electrochemical cycling. A strong particle shape and cycling rate
dependence has been observed through such operando
experiments, demonstrating their importance for detecting
the dynamics in battery electrodes. More recently, with a more
sophisticated flow liquid cell design, the same group presented
a more detailed investigation of the dynamic behavior of
LiFePO4 at the subparticle level.

387 Nanodomains with different
ion insertion kinetics were identified at the subparticle level
through the quantification of the local current density based on
the imaging data. This study suggested that the nanoscale
spatial variations in rate and in composition control the
lithiation pathway at the subparticle length scale.
It worth emphasizing that the strength of synchrotron-based

X-ray imaging methods (in both the full-field imaging methods
and the scanning imaging methods) goes beyond taking well-
resolved 2D micrographs. The X-ray tomography technique,
which noninvasively probes the samples’ internal structure,
combined with X-ray spectroscopic imaging methods, which
adds chemical information to the morphology, makes the
synchrotron-based imaging methods even more powerful for
battery research. Some discussion of these two types of imaging
methods can be found in the next two sections.

4.5.3. X-ray Tomography. In the 1970s, a new era with
the groundbreaking computed tomography (CT) technique
was established by Allan M. Cormack and Godfrey Newbold
Hounsfield.388 In X-ray tomography, a number of images are
acquired in different viewing angles as the sample is rotated
along an axis that is perpendicular to the incoming X-rays. The

Figure 35. (a) Schematic of the operando fluorescence-yield X-ray microscopy (FY-XRM) to track the dynamics of the Fe valence distribution in
LiFePO4 nanoparticles during electrochemical cycling. (b) The Fe

3+(green) and Fe2+ (red) in a single LiFePO4 particle during the electrochemical
cycling. A strong particle shape and cycling rate dependence has been observed. Reprinted with permission from ref 271. Copyright 2015 John Wiley
and Sons.
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real space 3D structure of the sample can then be numerically
reconstructed, which allows for visualization and quantification
of the 3D morphology nearly nondestructively.389 A number of
different algorithms have been developed for tomographic
reconstruction,390−395 many of which are designed to handle
incomplete data sets with nonoptimal data quality. X-ray
tomography has made tremendous contribution to a number of
research fields and clinical applications. Especially when
implemented with synchrotron light sources, it becomes
capable of studying the dynamic of 3D morphological
changes396 and opens vast opportunities in energy science
including battery research. For example, Villevieille et al.
combined in operando XRD with operando synchrotron
microtomography to investigate the influence of particle
morphology on the core−shell phase transformation process
of an Sb/TiSb2 alloy electrode as it was lithiated.

397 Wang et al.
studied three-dimensional structural/chemical evolution of tin
electrodes for sodium-ion batteries with in situ synchrotron
hard X-ray nanotomography.398 Zielke et al. performed carbon
binder modeling with the input from synchrotron-based
microtomography data to understand how the morphology of
the carbon binder domain affects the performance of cells
containing LiCoO2.

399 Eastwood et al. employed a synchro-
tron-based X-ray phase contrast tomography technique to study
the microstructures of the electrodeposited lithium, critical to
the understanding of dendrite formation, the main cause of
failure in batteries with lithium anodes.400

One case study that utilized the synchrotron-based micro-
tomography technique to study the dynamic change of the
battery electrode in real-time is discussed in more detail here
(Figure 36). In this work by Ebner et al.,401 tin(II) oxide (SnO)
was studied as a model material that undergoes a conversion
reaction and subsequent alloying with lithium. Tomograms
were recorded every 15 min during galvanostatic reduction
(lithiation) at 110 mA hour g−1 over a period of 12 h and
during oxidation (delithiation) at 167 mA hour g−1 over 5 h. In
addition to the 3D visualization of the electrode (a typical
rendering at a certain time frame is shown in Figure 36a), the
chemical reaction can be tracked by studying the attenuation
coefficient of the electrode. Detailed investigation of this four-
dimensional data (the three spatial dimensions and time)
suggests that the irreversible distortion of the electrode occurs
in the investigated system; the crack initiates and grows along
pre-existing defects. This study highlights the synchrotron-

based tomography’s capability of investigating the dynamic
changes that take place in the real battery ensemble.
Phase contrast can also be achieved in the X-ray full-field

imaging setups through some modifications of the optical
system.354 This imaging modality is very attractive when it is
desirable to visualize low Z materials directly. While we rely on
the use of hard X-rays to penetrate through a real-life battery
configuration, the material’s low absorption contrast when
interacting with the hard X-ray leads to difficulties in
visualization of lithium. For example, it is a research focus for
the battery community to study lithium metal because of its
importance as an anode material, but it is practically a phase
object, meaning almost zero absorption when working with
hard X-rays. The hard X-ray phase contrast imaging becomes
the go-to technique in this scenario.
For high elastic modulus solid electrolyte materials, it has

been postulated that lithium dendrite growth is prevented due
to the high mechanical strength of the material. However,
dendritic features have been observed in garnet electro-
lytes.153,402,357The fundamental mechanism was not clearly
understood in Li ion conductors, although there are some
previous studies of sodium dendrite/filament formation in beta
alumina suggesting that there are multiple failure modes, with
the fracture toughness and surface quality of the interface being
critical factors.403 Harry et al. used full-field hard X-ray phase
contrast tomography to study the formation of lithium
dendrites in a polymer electrolyte battery configuration.404

Dendritic features were clearly observed and attributed to the
root cause of failure. Through direct visualization of the
dendrite forming in the operating battery system, this study
suggested that the subsurface structure forming in the lithium
electrode plays a critical role in affecting the dendrite growth in
the polymer electrolytes. As discussed above, the tomography
data provides a large amount of the structural and chemical
information on the specimens studied. Many numerical
methods have been developed to extract scientifically relevant
information from the 3D imaging data. We refer to a recent
review by Liu et al. for detailed discussions of tomographic data
analysis.389

4.5.4. X-ray Spectroscopic Imaging. Another big
advantage offered by the synchrotron is the energy tunability,
which adds chemical/elemental sensitivity to the imaging data.
As discussed in the previous sections, synchrotrons generate
photons with wide bandwidths, covering ultraviolet light to γ

Figure 36. (a) 3D Visualization of X-ray tomograms recorded during battery operation. X-ray attenuation coefficient histograms during
electrochemical (b) reduction and (c) oxidation. Reprinted with permission from ref 401. Copyright 2013 AAAS.
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rays. In a typical synchrotron beamline, the photons with
desired wavelength are selected by X-ray optics resulting in
(quasi-) monochromatic illumination of the sample. By
studying the sample’s response to the X-rays of different
wavelength through tuning the monochromator, different
elemental/chemical species can be identified. When such
spectroscopic analysis is coupled with the imaging methods
in either the full-field imaging mode405 or the scanning imaging
mode,406 the distribution of different elemental/chemical
species can be resolved. It is worth emphasizing that the
spectroscopic imaging method is also compatible with the
tomography technique405−407 for resolving the elemental/
chemical distribution in 3D.
X-ray spectroscopic imaging has demonstrated its strength in

the field of battery research, especially, when it is of interest to
visualize the morphological and chemical changes of the
electrode materials in detail. There are a large number of case
studies that utilize the synchrotron-based spectroscopic
imaging. Some recent examples include the in operando
tracking of the phase transformation evolution in LiFePO4 by
Wang et al.,408 the systematic investigations of electrochemical
reaction induced morphological and chemical changes in Li-rich
Li2Ru0.5Mn0.5O3 cathode particles at the meso to nano scale by
Xu et al.,409 the 3D nanoscale mapping of transition metals
segregation in hierarchically structured cathode materials
LiNi0.4Mn0.4Co0.2O2 by Lin et al.,410 and the 3D oxidation
state mapping of halfway discharged NiO particles by Meirer et
al.405

Here we discuss the study of transition metal segregation in
LiNi0.4Mn0.4Co0.2O2 electrodes by Lin et al.410 As shown in
Figure 37, the elemental sensitivity provided by the energy-
resolved full-field hard X-ray transmission nanotomography
allowed the researchers to resolve the distribution of all the
transition metals within the secondary particles, which are ∼10
μm in diameter. The quantitative measurement of the
elemental distribution at this scale can then be converted into
the 3D maps of elemental associations, which is shown in
Figure 37e. A more detailed investigation of the depth profile of
all the transition metals (Mn, Co, and Ni) within the secondary
particles suggested that the metal segregation in the secondary
particles synthesized by spray pyrolysis resulted in a Mn-rich
surface, which, in turn, made it more robust against surface
reconstruction to a rocksalt structure90 and, subsequently, led
to the improved cycling performance.

As shown in Figure 38, in the study by Meirer et al. on a NiO
conversion electrode, different chemical species, which are

identified by their spectroscopic signature, heterogeneously
coexist at the subparticle length scale in a partially discharged
material. A 2D slice (Figure 38b) cutting the center of the
particle also shows the complex reaction front with mixed
valence states. This behavior was likely a result of subpixel
heterogeneity. This study highlights the strength of synchro-
tron-based full-field spectroscopic imaging methods by spatially

Figure 37. 3D Elemental sensitivity nanotomography reveals the transition metal segregation within a secondary particle. (a) shows the tomography
result at a single X-ray energy, which shows the 3D morphology of this particle. (b−d) present the elemental distributions of Mn, Co, and Ni over
single voxel thick slices through the center of the particle. (e) shows the 3D distributions of the elemental associations. The 3D rendering is color-
coded to the labels shown in the inset. Used with permission from ref 410. Copyright 2016 Nature Publishing Group.

Figure 38. Three-dimensional visualization of partially reduced NiO
battery electrode particles. (A) is the perspective rendering of three-
dimensional data set of the electrode particle. (B) is a single-voxel-
thick slice cutting through the center of the 3D matrix with magnified
views of the highlighted regions shown in (C) and (D). The scale bar
in panel b is 3 μm. Reproduced with permission from ref 405.
Copyright 2011 International Union of Crystallography.
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and chemically resolving the features of interest within the NiO
electrode particle.
In a more recent study, Wang et al. studied LiFePO4

electrodes using this type of measurement in operando.411

XANES tomography was performed on a selected LiFePO4

particle as it is cycled, leading to a five dimensional data set (the
three spatial dimensions, X-ray energy, and time) that reveals
that the propagation of the reaction front changes from
anisotropic to isotropic manner within this particle as it is
charged. This study highlights the strength of the full-field hard
X-ray spectro-microscopic technique through the complexity of
the multidimensional data. It is expected that the developments
in the scientific big data mining methods,172,412−414 for
example, PCA (principal component analysis), ICA (independ-
ent component analysis), and DBSCAN (density-based spatial
clustering of applications with noise), can further enhance the
strength of this technique and allow more efficient discovery of
unexpected local minority phases (if any) that are functionally
important.
4.5.5. Hard X-ray Diffraction for Coherent Imaging.

Coherence is another key property of the synchrotron X-ray
source. Generally, synchrotron generated X-rays are partially
coherent. With the use of small pinholes and slits, one can
improve the spatial coherence of the beam at the sample
location. The coherent property of the X-ray source allows the
sample’s structural information to be encoded in its diffraction
pattern, which can be reconstructed into real space images
through sophisticated phase retrieval algorithms.348 A partic-
ularly powerful imaging technique that can be applied to image
nanocrystals is a combination of Bragg diffraction and
CDI415−417 (coherent diffractive imaging see Figure 33e). By
measuring the interference patterns around the Bragg peak
while rocking the nanocrystal by a small angle (typically 0.1−1
degree around the Bragg angle) a three-dimensional (3D) data
set can be recorded. By using phase retrieval, this data set can

be converted to a 3D electron density map of the nanocrystal,
as well as the 3D displacement field along the scattering vector.
Although the spatial resolution achieved is limited to 10 nm,418

the exceptional sensitivity of the Bragg diffraction to atomic
positions allows the study of strain fields that correspond to
displacement of atomic positions as small as 0.05% per unit
cell.419−421

The sketch of a typical in situ diffraction experiment for
coherent imaging at a synchrotron source is depicted in Figure
39a. The X-ray beam generated by circulating electrons is
monochromatized, focused, and incident on a battery cell. A
small portion of the cell casing is replaced by an X-ray
transparent material, made, for example, from Kapton. While
conventional X-ray diffraction measurements provide essential
information on the crystal structure of large ensembles of
battery particles, the information on single particles is lost due
to the massive averaging. The X-ray flux at synchrotron sources
is orders of magnitude higher as compared with X-ray tubes,
which not only can be used to reduce the measurement time
significantly and study fast charge rates (as demonstrated in ref
74, see Figure 8), but also is sufficient to record X-ray
diffraction from single nanoparticles and gain unique insights
into structural dynamics of single constituents of a battery.74 In
the article by Singer et al.,422 the authors have conducted
powder diffraction on an ensemble of ∼20 particles, while
maintaining single particle sensitivity (see Figure 39, panels b
and c).
The main concept of the experiment is schematically

depicted in Figure 39 (panels a and b). X-rays are incident
on the in situ cell and a 2D detector collects Bragg diffraction at
a specified angle. While a large number of particles are
illuminated, due to their random orientation, only a small
portion of these particles will satisfy the Bragg condition. The
high angular sensitivity of Bragg diffraction guarantees that
amorphous material (for instance liquid electrolyte, or the

Figure 39. (a) Typical in situ X-ray diffraction experiment at a synchrotron source. The wavelength is selected by a monochromator, and the beam is
focused. The X-ray diffraction signal from an in situ battery is recorded by a 2D detector, such as CCD. (b) A schematic representation of coherent
X-ray Bragg scattering inside a battery cell. High-power X-ray radiation is incident on an in situ cell, and many particles are illuminated. The dots
represent the crystal lattice. In this case, only two particles satisfy the Bragg condition. (c) Schematic of operando Bragg coherent diffractive imaging
(BCDI), only one particle satisfies the Bragg condition and the sample is rocked to collect a 3D representation of the scattered intensity around the
Bragg peak, which is inverted using phase retrieval technique. (d) 2D slices through 3D BCDI diffraction maps (logarithmic scale) simulated with
identical particle shape (cube) but different displacement fields inside the nanoparticle (shown in the insets). No displacement (top), stripe domains
(middle), and a screw dislocation (bottom) are shown (D in the color bar is the lattice parameter).
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binder matrix, yellow in Figure 39b or even crystalline material
with a different lattice constant (smaller particles in Figure 39b)
do not scatter in the direction of the detector and are not
observed in the experiment. The position of the detector selects
the crystal lattice studied and the size of the beam defines the
number of particles observed on the detector.
This technique was particularly useful in studying non-

equilibrium structural evolution in a LiNi1/2Mn3/2O4 spinel
material upon fast cycling.422 The measurement elucidated the
interplay between distinct transformation mechanisms at the
single nanoparticle level, namely solid solution and two-phase
reactions. In addition, the authors observed a hysteretic
behavior of the structure during electrochemical cycling. At
high lithium concentrations, solid solutions dominated upon
both charge and discharge. At low lithium concentrations,
concurrent solid solution and two-phase reactions occurred,
while a pure two-phase reaction was observed upon discharge.
The unique particle sensitivity also was used to study particle
kinetics, which in this example did not show a significant
mobility during cell operation. The comparison of the
electrochemical data with the structural data demonstrated
how the chemistry affects the structural dynamics of battery
nanoparticles.
The Bragg coherent diffractive imaging (BCDI) allows one

to go one step further and to look inside a single nanoparticle
buried in an in situ battery by focusing the X-ray beam (see
Figure 39c). The information on the particle shape and even
more importantly on the strain distribution yields unique

insights on the nanomechanics, chemistry, and elastic proper-
ties on the nanoscale (see Figure 39d).
In a recent example,419 the strain dynamics of a spinel

material was studied using BCDI (see Figure 40, panels a and
b). The nanoscale stripe morphologies and coherency strain
were directly observed, and a critical size for stripe formation in
this material was found at 50 nm. The elastic energy landscape
of single nanoparticle mapped with femtojoule precision was
determined for various lithium concentrations during charge
and discharge. The observation indicated hysteresis at the single
particle level. The strain evolution in the solid solution regime
combined with Vegard’s law was used to reveal the lithiation
pathways during battery operation.
In another example, the role of topological defects on battery

operation was studied75 (Figure 40, panels c-e). Not only was a
single edge dislocation observed and tracked in a single
nanoparticle in situ, the displacement field due to the
dislocation served as a local nanoprobe for elastic properties
as a function of the material chemistry or charge state. The
Poisson ratio, which describes the relative expansion of the
material in the direction transverse to compression, was found
to be negative at a high voltage. The negative Poisson ratio was
interpreted in terms of the enhanced Mn−O bonds upon Mn
oxidation, which explains why this material is resistant to
oxygen loss and structural collapse. It was also found that the
dislocations were stable at room temperature but immediately
became mobile during charge or discharge.
Bragg CDI in battery materials is a relatively recent

development but nevertheless has been proven to be a

Figure 40. (a and b) The cross sections of interior strain distribution on a selected particle at different locations. (c) A cross section of the
dislocation field in an in situ battery nanoparticle, two edge dislocations are indicated by arrows. (d) The particle shape is represented by a green
isosurface, and the evolution of the dislocation line at three different charge states is shown. (e) shows Poisson’s ratio values measured as a function
of voltage for two different particles. Reprinted with permission from ref 75. Copyright 2015 AAAS. Reprinted with permission from ref 419.
Copyright 2014 American Chemical Society.
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promising technique to shed light on chemical processes in
nanocrystals. For instance, during the onset of the structural
phase transformation, the lithium-rich phase nucleated near the
dislocation and spread inhomogeneously throughout the spinel
material.75 Further studies will ultimately be able to track the
nucleation and propagation of multiple phases during a phase
transformation. A combination of the CDI technique with
spectroscopy seems within reach and would, if successful, yield
3D information on electron density, strain, atomic distribution,
and oxidation state in single nanoparticles under operando
conditions.

4.6. High Energy Electrons as Broad Band Light Sources for
Imaging in Batteries

The heterogeneities of battery electrodes, particularly those that
developed after extensive cycling demand multiscale studies
that cover a wide range of length scales. In this respect,
transmission electron microscopy complements X-ray micros-
copy when nanometric and atomic-scale structural and
chemical information is needed.88,90,91,410,423 In recent years,
there has been increasing interest in combining the capabilities
of synchrotron X-rays and electron microscopy for studying
battery chemistries at complementary length scales, from
atomic scale to macroscale. Some of these studies revealed
chemical and structural information that would not be possible
without such a combination. Furthermore, the fundamental
principles of electron spectroscopy [such as energy dispersive
X-ray spectroscopy (EDS) or electron energy loss spectroscopy
(EELS)] are fairly close to that of X-ray spectroscopy. For this
reason, we discuss the power of transmission electron
microscopy and spectroscopy in this section, to complement
our discussion of X-ray techniques in the review. With the
development of aberration correctors and brighter electron
sources in the past decade, (scanning) transmission electron
microscopy (S/TEM) has improved extensively in terms of
both resolution and spectroscopic capabilities.424 Now, using
aberration-corrected instruments, sub-angstrom resolution
imaging and atomic-resolution spectroscopic mapping can be
routinely achieved.425 Under optimal conditions, structural
determination with few-picometer precision426 and single-atom
spectroscopy427,428 are accessible.
The working principle of a transmission electron microscope

is relatively simple. In the conventional TEM (CTEM) imaging
mode, a relatively collimated wide-field electron beam
illuminates the sample and the transmitted electron wave that
encodes the structural information on the sample is
subsequently imaged and magnified by an objective lens and
a series of intermediate and projector lenses. The acquired
image under optimal conditions reflects the projected atomic
potential, which, however, in practice is always sensitive to the
diffracting condition of the samples. Therefore, even though the
CTEM imaging mode is widely used for structural character-
ization of electrode materials, a single image is not sufficient to
provide direct interpretable information about atomic column
positions unless special treatment is applied.
In contrast, a scanning transmission electron microscope

(STEM) can easily provide directly interpretable images. In the
STEM imaging mode, the electron beam is converged and
focused down to a very small spot and rastered on the sample.
An image can be built up by recording the transmitted electrons
with an annular dark-field detector (ADF). The detector
collects high-angle Rutherford scattered electrons and avoids
the collection of any strongly diffracted beams, and therefore,

the resulting image can closely reproduce the projected atomic-
mass contrast. Owing to the excellent sensitivity to the atomic-
mass contrast (Z-contrast), ADF-STEM imaging mode has
been offering tremendous help to the local structural analysis of
a series of intercalation electrode materials that have lithium
channels, for example stoichiometric layered NMC materi-
als90,410 and Li and Mn rich materials.429−431 With the
integration of ensemble-averaged efficient soft X-ray absorption
spectroscopy and spatially resolved electron spectroscopy and
microscopy, Lin et al. report structural reconstruction and
chemical evolution at the surface of Ti-containing Li-
Ni0.4Mn0.4Co0.2O2 particles (discussed in section 4.3.4). It
provides a direct visualization of the layer to spinel and to
rocksalt reconstruction process that occur on the surfaces of the
layered cathode materials as the cells are cycled. Similar
information regarding the surface degradation can be indirectly
deduced from the XAS studies, however with a complete loss of
the information regarding the microscopic degree of freedoms
in the samples, such as any facet-dependent degradation
pathways. Using atomic-resolution ADF-STEM imaging, it has
been found that in layered NMC materials, the layer-to-rocksalt
transition is much faster on the surfaces that exposed lithium
channels than the channel-projected (001) surfaces.90

Apart from collecting the high-angle scattered electrons,
electrons that scattered at low-angles can also be used to
produce useful contrast. For example, low-angle ADF-STEM
(LAADF-STEM) imaging used in conjunction with high-angle
ADF-STEM is useful in revealing any strain fields in the
samples.432 By optimizing the collection angles of the bright-
field detector in STEM (BF-STEM), the imaging of oxygen
octahedral tilts can be optimized for perovskite-based lithium-
ion conductors.433 More recently, annular bright-field STEM
(ABF-STEM) imaging was developed for the imaging of light
elements such as hydrogen,434 lithium,435 and oxygen.436

In a (scanning) transmission electron microscope, spectro-
scopic signals are primarily produced by the inelastic scattering
of the incident electrons with the core-binding and valence
electrons. In the classical electrodynamics picture, the binding
electrons in the sample would experience a sudden pulse of
Coulombic repulsion exerted by the fast traveling incident
electron. The time width of the pulse is related to how close the
incident electron can travel to the binding electron. The
shortest distance between the pair of electrons is called the
impact parameter. The pulse width is proportional to the

impact parameter by the relationship Δ =
γν

t b , where b is the

impact parameter, γ is the Lorentz factor, and v is the speed of
the incident electron. A simple inversion of the characteristic
pulse width gives the frequency cut off of the time varying field
(i.e., ∼ = γν

Δf
t hcutoff

1 ) and hence the energy cutoff is

∼ γνhf h
bcutoff , where h is Planck’s constant. For a 200 keV

incident electron, for example, with an impact parameter of b =
1 Å, the energy cut off is 11.9 keV. It is easy to see that a high-
energy electron can be equivalently viewed as broadband light/
X-ray source through the time-varying Coulombic interaction,
given that it can get sufficiently close to or directly impinge on
the sample. In other words, the incident electron beam
essentially exchanges energy with the binding electrons through
the emittance and absorption of virtual photons.
Through the absorption of the virtual photon, the binding

electrons in the sample can be excited into an unfilled bound
state or ejected from the bonding environment to form a
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secondary electron. Once excited, it leaves an unfilled state that
can be filled by other outer shell binding electrons. Through
this filling process, X-rays are generated. The emitted X-rays
can be collected and analyzed by an energy-dispersive X-ray
spectrometer (EDS) to produce an X-ray emission spectrum.
This signal is the counterpart of the fluorescence signal in X-ray
experiments. Due to the fundamental Poisson limit of silicon
drift detectors used in EDS, the energy resolution is not yet
enough to resolve the fine structure in the X-ray emission
spectrum to deduce the bonding and valence states of the
elements in the sample. However, the characteristic X-ray
emission lines are useful in analyzing elemental compositions.
Therefore, EDS is widely used in the characterization of battery
materials particularly as a way to monitor the composition.
Coupled with scanning transmission electron microscopy, EDS
mapping with 1 nm spatial resolution has become a routine
analysis in field-emission instruments. However, atomic-
resolution EDS mapping has only been realized in the past
few years benefiting from the development of aberration-
correctors, brighter electron sources, and the development of
detectors with large collection angles and improved geometries.
Recently, Wang and his co-workers successfully applied atomic-
resolution STEM-EDS to the study of the interlayer mixing in
NMC materials and found that Ni exhibits a higher degree of
cation intermixing with Li than Mn and Co do. Furthermore,
the fraction of Ni ions residing in the Li layer was with a near
linear relationship with the total Ni concentration.437

The incident electrons that have lost one or multiple virtual
photon energies can be analyzed by an electron energy loss

spectrometer after they pass through the sample. The
spectrometer disperses the electrons using a magnetic prism
and records the dispersed pattern by a pixelated detector. An
electron energy loss spectrum (EELS) can be formed by
integrating the signals along the nondispersing direction of the
detector. An EELS spectrum documents the probability that an
incident electron loses a certain energy. A full EELS spectrum is
composed of three features. The first feature is the sharp peak
that sits at zero-energy loss, which are the electrons that did not
inelastically scatter in the sample or those that lost very little
energy. The feature is most often referred to as the zero-loss
peak. The shape and the width of the zero-loss peak encode the
information regarding how electrons are extracted from the
emitter/filament and the instrumental broadening. Its full width
at half-maximum characterizes the energy resolution of the
system for electron energy loss spectroscopy. A 0.8−1 eV
energy resolution is routinely achievable in most Schottky field
emission instruments. The energy resolution of cold field
emission instrument is typical around 0.35 to 0.45 eV,
depending on the extracting conditions. With a Wien-filter-
type of monochromator, 0.1 eV energy resolution can be
achieved. In a recent development, the energy resolution has
been pushed down to 10 meV for probing Raman and IR
activated vibrational modes in materials.438

The second component of the EELS spectrum is the valence
loss or low-loss signal, which is typically between a few eV to 50
eV. The signals in this range can give information about
dielectric responses and in optimal conditions, the band gap of
the materials. The spectral feature in this region is generally

Figure 41. Depth profiling of electronic structure for a charged NMC particle shown in (a), (b) EELS O K-edge, (c) integrated O K-edge pre-edge
intensity, (d) Ni L-edge, (e) Mn L-edge, and (f) Co L-edge. Reproduced with permission from ref 88. Copyright 2014 The Royal Society of
Chemistry.
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very broad and does not necessarily track the chemistry of the
sample. However, there are exceptions. For example, electro-
chromic materials would have relatively sharp changes in the
imaginary part of the dielectric function in the visible spectrum,
and hence, it would be reflected as spectral feature changes in
the low-loss EELS. It has been demonstrated by Holtz et al.
using EELS that LiFePO4 is an electrochromic material, albeit
in the UV range.439 A sharp feature would appear at 5 eV as Fe
is oxidized from 2+ to 3+. The spectral feature developed at 5
eV can be used to map the valence distribution of Fe in
LiFePO4.
The third component of the EELS spectrum is the core-loss

edges that sit on a power-law background. The core-loss edges
probe the unfilled local density of states. They are first
partitioned by elements, because their onset energies are
associated with the characteristic binding energies of the core
electrons that are being excited. Therefore, core-loss edges can
be used to quantify the elemental information on the sample
similar to EDS. Apart from giving elemental and compositional
information, the fine structures in the first 35 eV of the core-
loss edges encode information regarding the bonding environ-
ment. The interpretation of these fine structures is identical to
that of the X-ray absorption near edge structures (XANES)
with the except that the nondipole transitions are not exactly
forbidden. However, in the near edge region, the nondipole
component is an ignorable perturbation except for the special
case of angular-resolved EELS. The other caveat of EELS is that
the spectral shape is dependent on the sample thickness
because the probing electrons would undergo multiple low-loss
plasmon scattering in a finite thick sample. With careful
treatments, such as the use of thin samples and deconvolution,
this problem can be mediated. Among applications of EELS to
lithium-ion batteries, Li K-edge, TM L2,3-edges and the O K-
edge are the most frequently used edges for probing the
chemistry of the electrode materials. Li K-edges have an edge
onset of 55 eV. The near edge fine structures have rich
fingerprints relating to bonding environment. For example, it is
reasonable to identify the presence of LiF, Li2CO3, Li2O, or
Li2O2 by simply reading the Li K-edge. However, the
application of Li K-edge to cathode materials has been very
problematic due to the overlap of the Li K edge with the 3d
TM M2,3-edges and the direct correlation of the lithium content
with the 3d TM valence. Therefore, there is no simple way to
extract the pure Li spectrum when 3d TMs are present in the
system. In this case, a direct tracking of the 3d TMs L2,3-edges
can be used instead. (Details about the TM L2,3-edges can be
found in the XAS section in this review.) In addition to the TM
L2,3-edges, the O K-edge contains sensitive information
regarding both its first nearest and second nearest neighbors.
In particular, the prepeak of the O K-edge is sensitive to the
valence of the nearest-neighboring TMs due to TM3d-O2p
hybridization. Because the O K-edge is lower-lying than most
3d TM L2,3-edges, its cross section is much larger and thus it is
a widely used tool to monitor the 3d TM bonding environment
when the higher edges are not available. The gradient
distribution of transition metal oxidation states is a prevailing
phenomenon in oxide cathode materials. Lin et al. performed
EELS experiments on a charged NMC particle using EELS O
K-edge and TM L-edge (Figure 41). They observed that
transition metals were less oxidized at the surface compared to
those in the bulk. The TM3d-O2p hybridization state is
responsible for the pre-edge peak in the O K-edge EELS
spectra, and its intensity gradually increased moving into the

bulk due to the decreased occupancy of O2p orbitals that are
hybridized with TM3d orbitals. The authors compared the
STEM-EELS data with soft XAS results and concluded that this
gradient distribution of oxidation states originated primarily
from the surface reconstruction (population of low-valence
TMs and rocksalt structure), although the likelihood of radial
distribution of lithium ions could not be completely ruled out.
The real power of transmission electron microscopy is its

spatial resolution. EELS can be coupled with both CTEM and
STEM to form spectroscopic images. In the TEM condition,
the spectrometer is operated in an energy-filtered mode to form
images of inelastically scattered electrons within a selected
energy window. The energy-filtered TEM (EF-TEM) images
are useful in mapping elemental distributions at the nanoscale.
Muller and his co-workers have advanced this technique and
used EF-TEM to track in real time the nanoscale lithiated/
delithiated patches during charging and discharging LiFePO4
particles in 0.5 M Li2SO4 aqueous electrolytes. Because inelastic
scattering is a relatively small angle scattering compared to
elastic scattering, the diffraction contrast in the elastic channel
is always preserved in the inelastic channel. Therefore, special
caution needs to be taken when interpreting EF-TEM images.
Particularly, with the development of chromatic aberration
correctors, atomic resolution EF-TEM maps can be achieved in
state-of-the-art instruments. However, any atomic-scale in-
formation acquired in the EF-TEM mode is not directly
interpretable and has the same artifacts as CTEM images.
STEM-EELS, in contrast to EF-TEM, can give directly

interpretable spectroscopic images if operated under the correct
conditions. The coherent diffraction contrast can be removed
from the spectroscopic signals by collecting all the strongly
diffracted beams. This means that more compression to the
diffraction pattern needs to be performed or the entrance
aperture of the spectrometer needs to be widened. This can be
easily achieved in most instruments manufactured in the past
decade, however with a loss of energy resolution if the older
generations of spectrometers are used. The spatial resolution of
STEM-EELS is determined by both the size of the focused
beam and the delocalization of the inelastic scattering process.
In an aberration corrected STEM, the electron probe can be
routinely made sub-one angstrom in size. Therefore, the spatial
resolution of STEM-EELS is frequently limited by delocaliza-
tion. Delocalization of EELS signal is significant in the low-loss
regime. In this energy regime, dipole allowed transitions would
not render a spatial resolution better than 1 nm. Atomic-
resolution EELS mapping is typically achievable with edges that
have an energy loss larger than 200 eV. STEM-EELS has been
extensively applied to the spectroscopic mapping of active
electrode materials. In the study of the capacity fading of NMC
and Li Mn-rich materials, the STEM-EELS mapping of Mn L2,3-
edges provides spatially resolved spectroscopic evidence that
can correlated with the atomic-scale imaging of the surface
reconstruction.90,429,430,440 In conversion electrodes, the phase
segregation of the 3d TM can be tracked readily with the
mapping of the TM L2,3-edges.

91,441

S/TEM is well poised for the study of battery electrode
materials while they undergo physical/chemical transformations
at the primary-particle length scales and below. These in situ
battery experiments in the TEM can be classified into three
categories: (1) temperature-varying (heating) experiments, (2)
biasing/dry-cell experiments, and (3) electrochemical liquid-
cell experiments.
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In situ heating experiments have been applied to monitoring
the thermal stability of the cathode materials. The change of
local compositional and bonding environment, morphology,
and atomic structures of the primary particles can be probed by
EELS and S/TEM imaging simultaneously during the heating
of the experiment. Heating in TEM was traditionally achieved
through integrating a miniaturized Joule-heating furnace into
the TEM holder. Since 2008, however, heating in TEM has
been transformed by a local heating technology. Local heating
is enabled by fabricating MEMS devices with heating elements
that are only tens of microns in size. This design allows high
temperature ramp rate with low thermal drift. Owing to this
technological improvement, the layered to spinel to rocksalt
degradation process of delithiated NCA cathode materials has
been captured live using high-resolution TEM.442 It is worth
noting that even though the electrode material degradation that
happens during a heating experiment is not exactly the same as
that happening during charging/discharging, they do share at
least one common root cause: oxygen loss.443

The most prominent imaging technique development for
lithium-ion batteries in the field of in situ TEM is the biasing/
dry-cell experiment. Prior to the development of liquid-cell
holders for TEM, it had been difficult to perform in operando
lithium-ion battery experiments in the TEM due to the
involvement of liquid electrolytes that are not compatible with
the vacuum environment in the TEM. The team of Li, Wang,
Huang, and their colleagues found a shortcut that can bypass
the problem.444 Instead of using volatile organic electrolytes,
they identified an ionic liquid that has extremely low vapor
pressure and does not evaporate in the TEM. They scraped
lithium metal on an ultrashape indenter, an etched tungsten tip,
and dipped it into the ionic liquid. A cathode/electrolyte/
lithium interface can be formed in the TEM by using a piezo-
driven indentation holder. Using this approach, lithiation
processes of SnO2, silicon, etc. have been studied with high
spatial resolution and high analytical sensitivity. Other
incremental variations of this approach exist, but they all
adopted this lithium-coated indenter approach. Lately, it has
been more common to replace the ionic liquid with a thin layer
of lithium oxide by exposing the scraped lithium to air for a
short period of time.445,446 It is worth noting that this approach
is beneficial to TEM imaging and spectroscopy due to the
removal of the ionic liquid that coats the surface of electrode
materials; however, in most cases the reaction is not
electrochemically driven, a shortage frequently occurs and
lithium directly reacts with the electrode materials. It is
acceptable to use this approach to study conversion reactions;
however, it is not sensible to use this approach for intercalation
materials where the control of the reaction voltage is critical.
In parallel to the dry cell experiments, in operando TEM

experiments for solid-state batteries (SSB) have also been
developed using similar approaches.447 The challenge for this
type of experiment is two-fold. (1) A cross-sectional sample of
the SSB needs to be prepared by the focused ion beam lift-out
technique. For batteries that contain polymer electrolyte, which
are prone to ion and electron beam damage, special care needs
to be taken to lower the dose for both sample preparation and
imaging. (2) Due to the limited area of the electrode interface
in the cross-sectional sample, the small battery needs to be
charged in the pico-amp regime. To achieve sensible charge/
discharge profile, it requires low-background Ohmic contacts,
which are difficult to achieve with a regular indentation holder.
Despite the fact that the experimental setup for solid-state

batteries is straightforward, due to the aforementioned
challenge, limited success has been achieved in this area.
To perform electrochemical liquid-cell experiments, one

needs to create a miniaturized device that can fit the size of an
EM holder and can store/flow liquids. Zheng and her
colleagues pioneered the reservoir approach; they make a
reservoir cell by gluing two silicon chips together with a
prescribed gap in between. The surface of the silicon chip is
patterned with electrodes for two/three electrode electro-
chemical experiments.448,449 Muller, Wang, and Unocic have
pioneered the flow cell approach. In situ cycling of LiFePO4
and silicon nanowires have been observed in the flow cell
setup.439,450

The S/TEM characterization of lithium ion battery materials
is in many ways similar to the characterization of many complex
oxide materials.451 However, due to the use of lithium in these
electrode materials, they are much more prone to electron
beam radiation damage. Characterization of these materials in
some cases is limited by the dose sensitivity because electron
beams can very quickly induce redox of the materials similar to
what happens in electrochemical cells. For example, in NMC
materials, lithium and oxygen can be knocked out of the
materials if the dose rate is higher than a given threshold. This
would induce the layered to spinel to rock-salt reconstruction
that also occurs during the electrochemical cycling.440 There-
fore, to eliminate these artifacts, special attention must be paid
to the calibration of the critical dose and critical dose-rate for
damage-free imaging of these materials.
It is extremely important to emphasize that special caution

needs to be taken when analyzing TEM results. Under normal
conditions of data collection, where most of the reported
studies were performed, only a limited number of particles were
studied. The structural and electronic observations by TEM can
sometimes be biased. Synchrotron X-ray techniques can probe
an enormous number of battery particles and are ensemble-
averaged. Therefore, the combination of synchrotron X-ray and
TEM techniques allows for studying battery materials with
complementary length sensitivities.

4.7. Experimental Design and Beam Effects

As ex situ experiments remain important in many X-ray
techniques (in particular soft X-rays, discussed in section 4.3.6),
in situ and operando experiments have received increasing
attention due to their advantages. First of all, it circumvents the
considerable efforts needed to prepare multiple ex situ samples
to cover the electrochemical cycling process being studied, as
well as providing increased reliability and precision in the
ensuing analysis by continuously monitoring the electro-
chemical process occurring in a single sample. Second, it
allows the investigation of time-dependent processes and thus
is able to reveal short-lived or nonequilibrium intermediate
states, which may not be detected with ex situ character-
ization.74,452 Last but not least, it avoids the potential for
contamination or relaxation of highly reactive products during
ex situ sample preparation and handling (e.g., reaction with
solvent solution during sample washing),453 and the reaction
products can be more reliably identified. However, it is
sometimes not easy to conduct in situ and operando
experiments, as the electrochemical cells must be fully
operational under the circumstances imposed by the diagnostic
tools, and many of the requirements for acquisition of high
quality X-ray data and reliable electrochemical cycling perform-
ances are incompatible. Specially designed electrochemical cells
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(e.g., geometry and cell components) and measurement setups
are often demanded in light of the requirements by different
synchrotron techniques. Coin cells, pouch cells, coffee bag cells,
Swagelok type cells (e.g., Argonne’s multipurpose in situ X-ray
AMPIX electrochemical cell),454 and capillary type cells have
been reported, all of which show unique advantages for specific
t y p e s o f i n s i t u a n d o p e r a n d o e x p e r i -
ments.74,452,455,215,283,398,454,456−458

Several issues are worth noting for designing electrochemical
in situ and operando cells with proper electrochemical
functionality. (1) An X-ray transparent window often needs
to be incorporated into the in situ or operando cell in order to
allow X-rays to reach the investigated sample region. An ideal
window material should be able to prevent the permeation of
oxygen and moisture, as well as apply uniform pressure to
enable a uniform electrochemical reaction. In general, it is
easier to conduct in situ and operando experiments with hard
X-rays due to their deeper penetration depths compared to soft
X-rays, and there are more options for the selection of window
materials, such as glassy carbon and beryllium. Kapton film is
another type of window material for in situ and operando cells,
which has been successfully used in many hard X-ray in situ and
operando experiments. However, thin Kapton films are not able
to maintain constant pressure, causing the sample underneath
the window region to fail to react uniformly. It is even more
challenging to perform in situ and operando experiments when
decreasing the energy of the X-rays. In the tender X-ray region,
very thin window materials, such as Mylar or polyethylene film,
have to be used.215 The short penetration depth of soft X-rays
requires ultrahigh vacuum or high vacuum environments for the
experiments, and the in situ and operando cell has to be
specially designed (e.g., a solid battery with no window material
or cell with ultrathin silicon nitride window, etc.).283 We have
discussed the soft X-ray in situ and operando approaches in
section 4.3.6. (2) Cell components or materials along the X-ray
beam path need to be carefully selected to avoid the
interference of the X-ray signal from the detected samples.
For example, glassy fiber separators rather than more
commonly used thin Celgard separators are often used for in
situ and operando experiments, in order to ensure enough
liquid electrolyte within the in situ and operando cell. However,
the thicker separator with more liquid electrolyte will
excessively absorb X-ray photons, resulting in poorer signal-
to-noise ratio (S/N) of the detected X-ray signal. This will
sometimes cause trouble in obtaining high quality EXAFS data
when performing in situ and operando hard XAS measure-
ments. Another example is for PDF measurements, where the
acquisition of high quality PDF data requires accurate
measurement of the Bragg and diffuse scattering (total
scattering) signal from the sample. The diffuse scattering signal
(namely background) from cell components (window materi-
als, separator, electrolyte, etc.) will also be included in the
outgoing X-ray signal and needs to be precisely measured and
excluded for the quantitative data analysis afterward. Therefore,
the in situ and operando cell setups need to be highly
reproducible for obtaining background signal data. The efforts
from scientists at Argonne National Laboratory highlight the
importance of cell design for in situ and operando PDF
experiments, and their AMPIX electrochemical cell is able to
accurately measure the background signal for in situ and
operando PDF measurements while providing reliable electro-
chemical performance.454 (3) In situ and operando cells must
be able to be incorporated into the beamline setup and also be

compatible with the X-ray detection mode. For example, for the
in situ and operando X-ray tomography measurements, the cell
needs to rotate through 180° to obtain a series of 2D images for
the reconstruction of the 3D image, and thus an in situ or
operando cell with a cylindrical shape made from a highly X-ray
transparent material is preferred.398 On the other hand,
synchrotron X-ray measurements can be performed on
materials synthesized with special geometries, for example,
single crystals and films.459−463 Although these model materials
are unlikely to be used in practical cell applications, they offer
excellent convenience to study the fundamental questions in
batteries. For example, using a thin film model electrode, one
can study the surface phenomena in the bulk material using
hard XAS.
Although in situ and operando measurements show unique

capabilities for directly monitoring the electrochemical
processes occurring in a battery, ex situ measurements are
still useful as they often provide high quality data for
quantitative analysis. Since synchrotron radiation resources
are precious, it is also not always necessary to perform in situ
and operando measurements unless tracking dynamic processes
is of real importance. Additionally, ex situ measurements can
provide guidance if performed prior to the in situ and operando
measurements, as they may provide critical information to
confirm whether the in situ and operando cell functions
properly.
Although X-ray radiation is weakly interacting with matter,

X-rays can induce changes in the material under study. X-ray
radiation-induced effects depend on the particular energy
storage material, environment (electrolyte, binder, etc.) and on
the details of the experimental setup (photon energy, beam size,
and total deposited dose). During in situ and operando
experiments, one can monitor effects of radiation globally
through the electrochemical performance of the cell and locally
at the single particle level through X-ray imaging. If beam
damage is present, it can be mitigated by adapting the sample
environment or changing the experimental conditions, for
example, using higher X-ray energy,464 modifying the cell
setup,454 or adjusting the size of the beam.75,421,422 In many
studies, radiation damage has been found to be negligible
especially at low state of charge (e.g., low degree of delithiation
of cathodes); for example, single particle imaging experiments
showed no damage for exposure durations of several
days.75,421,422

5. CONCLUSION AND PERSPECTIVES
The past 25 years has been a time of rapid development not
only in battery science but also in the synchrotron techniques
used to study phenomena ex situ, in situ, and operando relevant
to the functioning of devices. Experiments can now be designed
that probe interfacial regions less than a nanometer thick or
subtle structural changes in one or just a few particles
undergoing redox reactions as they happen. Increasingly
sophisticated methods have been developed allowing direct
observation of short-lived intermediates in electrodes as they
charge and discharge in operando, under a variety of conditions.
Tomographic techniques allow imaging of particles or even
entire battery components in three dimensions. Such complex
techniques do not come without their perils. The possibility of
beam damage during S/TEM experiments is covered above, but
this is also an issue for synchrotron work, especially for soft X-
ray experiments,464 where X-rays are concentrated into a very
thin surface region. Poor design of in situ cells may also result
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in anomalous behavior, particularly when systems are far from
equilibrium (e.g., high charge or discharge rates).
The increasing ability to study liquids or solutions in

beamlines is also one of the most exciting developments in
synchrotron science and is in an active state of development.
Electrolytic solutions lie at the very heart of many rechargeable
battery systems in that they often dictate performance
characteristics such as rate capability and predicate design
choices such as electrode thicknesses. Identification of suitable
electrolytes for several “Beyond Lithium Ion” systems such as
Mg batteries is absolutely critical to their development.
It has become increasingly obvious that multimodal

approaches on multiple length scales are needed to fully
understand most battery systems. An example covered above is
the study of surface reconstruction in NMC cathode materials
by soft XAS and STEM/EELS. The soft XAS experiment
probed a large ensemble of NMC particles in charged and
cycled electrodes, revealing that the metals on the surfaces were
reduced in comparison to those in the bulk, on average, but
giving little information as to the exact nature of the
transformation. STEM/EELS showed that the reduction was
associated with surface reconstruction to a rocksalt structure,
but it was possible to image only a relatively few particles. The
samples were considerably heterogeneous, with particles (and
even different facets on the same particle) showing differing
degrees of reconstruction. There is always a question of
whether a few particles imaged by microscopy are typical of a
sample, but the XAS results lent additional credence to the
interpretation of surface structural rearrangement in this case.
We emphasize here that it is still challenging to characterize

matter away from equilibrium. However, the knowledge of the
battery material’s dynamic behaviors, such as the formation of
metastable intermediate phases and the propagation of the
reaction front that governs the phase transformation pathway, is
very desirable because it offers critical insights into the device’s
degradation and failure mechanisms. Depending on the specific
types of the experiments, the temporal resolution of general
synchrotron based measurements can be very different and
range from milliseconds to hours. For example, the hard X-ray
powder diffraction patterns can be recorded using 2D area
detectors with exposure time at millisecond level. On the other
hand, nanoscale 3D XANES mapping405 usually takes a few
hours. Consequently, different strategies have been developed
for different techniques to probe the material at a state that is
away from equilibrium. For experimental techniques that are
relatively fast, the measurements are simply repeated multiple
times to record the change of the signal over time. For those
techniques that require long data acquisition time, samples
could be handled in a way so that the “fossil” evidence of the
dynamic phase transition465 are preserved in order to facilitate
the study.
Although synchrotrons are generally used as CW (con-

tinuous wave) light sources, we would point out that
synchrotron generated X-rays are not. The samples at a
synchrotron beamline are actually exposed to short pulses of X-
rays (∼10−10 seconds) at very high repetition rate. Time-
resolved synchrotron experiments can reach down to nano-
second to picosecond regimes, which is on the order of ion
hopping in fast ion conductors. The X-ray free electron lasers
can further push the temporal resolution to the femtosecond
level. There are very exciting scientific opportunities at these
ultrafast time scales. However, the relevance of the ultrafast

time scales to battery sciences, which are ultimately diffusion-
limited processes, remains unclear at present.
The need for multimodal studies on a variety of length and

time scales is inspiring the next generation of synchrotron
facilities, such as ALS-U at Lawrence Berkeley National
Laboratory (https://als.lbl.gov/als-u/overview/). This planned
upgrade, which includes provisions for the production of soft X-
ray beams up to 1000 times brighter than currently available, is
designed to improve resolution and sensitivity to the
nanometer scale and on time scales down to nanoseconds.
While still a number of years from realization, one goal is to
allow several types of experiments to be carried out on the same
sample sequentially, without the need for manual exchange.
Instead, modules containing the sample of interest could be
moved in and out of beamlines as needed, periodically, while
they undergo testing under conditions of interest, such as long-
term cycling. During down times, other types of experiments
such as microscopy could be performed, ideally without the
need to transfer samples, which risks exposure to atmosphere.
This setup offers the maximum flexibility for the study of
battery materials, and could provide valuable life-cycle
information, critical for demanding applications such as electric
vehicles.
The huge amount of raw data that is generated can be

difficult to store, process, and handle. For that matter, it is likely
to miss important details about how (for example) structural
changes occur during in situ experiments because of the
difficulties involved in handling so much information. Scientific
big data mining is one of the next frontiers in cutting edge
energy science at large scale X-ray facilities, requiring input not
only from battery researchers and synchrotron scientists but
also computer scientists and applied mathematicians. The novel
developments in both the synchrotron facilities and the
associated state-of-the-art experimental capabilities have made
it possible to acquire huge volumes of experimental data within
a short amount of time, which will be further amplified,
dramatically, by the projected improvements in the next
generation X-ray facilities including the APS-U, ALS-U, and
LCLS-II. Such development brings vast opportunities in battery
science, for example, the studies of battery systems’ fast
dynamic behavior and their hierarchically structured morphol-
ogy and chemical complexity. These exciting research
opportunities are unavoidably accompanied by the challenges
in handling and mining of scientific big data. This is because the
scientifically important portion of the experimental data is often
small in quantity and weak in signal. Efficiently identifying,
extracting, and studying the scientifically important subset of
the big data requires more advanced data clustering and mining
algorithms, which is an essential component of our future
research effort in batteries, and energy science in general. As
exciting as the past 20 years at the intersection of synchrotron
and battery science have been, the increased power and
brightness of new synchrotron facilities such as these are sure to
result in even greater knowledge and productivity.

ASSOCIATED CONTENT

*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.chem-
rev.7b00007.

Comparison of all analytical techniques (PDF)

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.7b00007
Chem. Rev. XXXX, XXX, XXX−XXX

AV

https://als.lbl.gov/als-u/overview/
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.chemrev.7b00007
http://pubs.acs.org/doi/abs/10.1021/acs.chemrev.7b00007
http://pubs.acs.org/doi/suppl/10.1021/acs.chemrev.7b00007/suppl_file/cr7b00007_si_001.pdf
http://dx.doi.org/10.1021/acs.chemrev.7b00007


AUTHOR INFORMATION
Corresponding Authors

*E-mail: fenglin@vt.edu.
*E-mail: mmdoeff@lbl.gov.
ORCID

Feng Lin: 0000-0002-3729-3148
Yijin Liu: 0000-0002-8417-2488
Ying Shirley Meng: 0000-0001-8936-8845
Present Address
△Department of Materials Science and Engineering, Cornell
University, Ithaca, NY 14853.
Author Contributions

F.L. led the project. All coauthors participated in the planning,
discussion, and writing of the review.
Notes

The authors declare no competing financial interest.

Biographies

Dr. Feng Lin is currently an Assistant Professor of Chemistry, with a
courtesy appointment in the Department of Materials Science and
Engineering at Virginia Tech. He holds Bachelor’s degree in Materials
Science and Engineering (2009) from Tianjin University, and MSc
degree (2011) and Ph.D. degree (2012) in Materials Science from
Colorado School of Mines. Prior to Virginia Tech, Feng worked at
QuantumScape Corporation as a Senior Member of the Technical
Staff, Lawrence Berkeley National Lab as a Postdoctoral Fellow, and
National Renewable Energy Lab as a Graduate Research Assistant.
Feng is fascinated by energy sciences, materials electrochemistry, and
synchrotron X-rays.

Dr. Yijin Liu received his B.S. and Ph.D. in Optics from the University
of Science and Technology of China in 2004 and 2009, respectively.
He was a postdoctoral scholar at the Stanford Synchrotron Radiation
Lightsource before he became an associate staff scientist in 2012 and,
later, a staff scientist in 2015 at the SLAC National Accelerator
Laboratory. His research interest is in the X-ray based multilength-
scale spectroscopic imaging techniques with scientific focus on the
energy material study and the related scientific big data mining.

Dr. Xiqian Yu is currently an Associate Professor at the Institute of
Physics, Chinese Academy of Sciences (IOP, CAS). He received his
Bachelor’s degree in applied physics (2005) from Wuhan University
and Ph.D. degree in condensed matter physics (2010) from IOP, CAS.
Prior to IOP, he worked at Brookhaven National Laboratory as a
postdoctoral fellow (2010−2013) and Physics Associate (2013−
2016). His research interest is in the field of electrochemical energy
storage with the main focus on the characterization of the electrode
materials for rechargeable batteries.

Dr. Lei Cheng received his Ph.D. in Material Sciences and
Engineering, under the supervision of Prof. Lutgard De Jonghe and
Dr. Marca Doeff, in 2015 from University of California, Berkeley,
where he worked on the development of garnet-type solid state ionic
conductors, with a focus on the understanding of the interfaces using
both synchrotron spectroscopy and electrochemical techniques. His
research interests include solid electrolyte processing and integration,
and advanced diagnostics of electrochemical devices.

Dr. Andrej Singer is an Assistant Professor in the Department of
Materials Science and Engineering at Cornell University. He received
his Ph.D. in Physics from the University of Hamburg in Germany and
worked as a postdoctoral scholar at the University of California San
Diego. His research focuses on the understanding of the nanoscale

structure and its dynamics in complex materials by using novel x-ray
characterization techniques.

Dr. Oleg G. Shpyrko is currently a Professor of Physics at the
University of California San Diego. He holds a Ph.D. Degree in
Physics from Harvard University (2004) and has served as
Distinguished Postdoctoral Fellow at the Center for Nanoscale
Materials at the Argonne National Lab (2005−2007) before joining
UC San Diego in 2007. Shpyrko’s group is focused on development
and application of advanced X-ray synchrotron-based characterization
probes of a wide range of nanoscale phenomena, including energy-
storage materials.

Dr. Huolin Xin is currently an Associate Scientist at Brookhaven
National Laboratory. He holds a Bachelor’s degree in Physics (2005)
from Peking University and a Ph.D. degree (2011) in Physics from
Cornell University. Prior to Brookhaven Lab, Xin worked at Lawrence
Berkeley National Lab as a Postdoctoral Fellow. Xin is an electron
microscopist and spectroscopist.

Dr. Nobumichi Tamura is a staff scientist at the Advanced Light
Source of the Lawrence Berkeley National Laboratory. He received his
Ph.D. degree in Materials Science at the Laboratoire de Thermody-
namique et de Physicochimie des Materiaux, Institut National
Polytechnique, Grenoble, France, in 1993. He has been working in
the field of advanced x-ray diffraction techniques including
synchrotron microdiffraction for more than 15 years and has published
over 300 papers, including book chapters during his scientific career.
His current interests include the development of synchrotron x-ray
microdiffraction technique and their applications to Materials,
Environmental, and Geosciences, and the study of materials reliability
and mechanical properties by x-ray diffraction techniques.

Dr. Chixia Tian is currently a Research Scientist at Virginia Tech. Prior
to this position, she was a Chemist Postdoctoral Fellow at Lawrence
Berkeley National Laboratory (2015−2017). She holds a Bachelor’s
degree in Polymer Science and Technology (2009) from Beijing
University of Chemical Technology and a Ph.D. degree in Chemistry
(2015) from Colorado School of Mines. Her research focuses on
developing cathode materials for lithium ion batteries and novel
polymeric materials for energy applications.

Dr. Tsu-Chien Weng is a staff scientist at the Center for High Pressure
Science & Technology Advanced Research (HPSTAR). He received
his BSc and MSc degrees in Chemistry from National Taiwan
University and his Ph.D. degree in Chemistry from the University of
Michigan. He worked as a staff scientist at the European Synchrotron
Radiation Facility from 2006 to 2010 and Stanford Synchrotron
Radiation Lightsource from 2010 to 2015 before joining HPSTAR in
2015. Weng’s research interests include the electronic structure
characterization in bio/chemical catalysis and the in situ study of
energy materials using XAS, XES, and related techniques, as well as x-
ray instrumentation R&D for synchrotrons and XFELs for studying
ultrafast processes.

Dr. Xiao-Qing Yang is currently the group leader of the electro-
chemical energy storage group in the Chemistry Division of
Brookhaven National Laboratory (BNL). He is the Principal
Investigator (PI) for several Battery Material Research (BMR)
programs including the Battery 500 consortium at BNL funded by
the Office of Vehicle Technologies, EE&RE, U.S. Department of
Energy (USDOE). He received his B.S. in Material Science from
Shannxi Mechanic Engineering Institute in Xi’an, China, in 1976 and
Ph.D. in Physics, from University of Florida, Gainesville, Florida, in
1986.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.7b00007
Chem. Rev. XXXX, XXX, XXX−XXX

AW

mailto:fenglin@vt.edu
mailto:mmdoeff@lbl.gov
http://orcid.org/0000-0002-3729-3148
http://orcid.org/0000-0002-8417-2488
http://orcid.org/0000-0001-8936-8845
http://dx.doi.org/10.1021/acs.chemrev.7b00007


Dr. Y. Shirley Meng received her Ph.D. in Advanced Materials for
Micro & Nano Systems from the Singapore-MIT Alliance in 2005,
after which she worked as a postdoc research fellow and became a
research scientist at MIT. Shirley is currently the Professor of
NanoEngineering and Materials Science at University of California San
Diego (UCSD). She is the founding Director of Sustainable Power and
Energy Center at UCSD.

Dr. Dennis Nordlund obtained his Ph.D. (in 2004) in Chemical
Physics. Following a 2-year Wenner-Gren Fellowship (2005−2006) he
joined Stanford Synchrotron Radiation Lightsource in 2007, where he
currently holds a Staff Scientist position. He is an expert in electronic
structure and chemical bonding characterization using photon science
techniques, employing X-ray spectroscopy to disentangle outstanding
questions in the basic energy sciences, broadly, using state-of-the-art
techniques at ring-based third generation and linac-based fourth
generation light-sources, primarily at SSRL and LCLS. He has
published more than 200 peer-reviewed articles that have received
over 10000 citations.

Dr. Wanli Yang is a physicist staff scientist at the Advanced Light
Source division of Lawrence Berkeley National Laboratory. He
received his bachelor’s degree in Physics (1995) from Shandong
University and Ph.D. degree in condensed matter physics (2000) from
Institute of Physics, CAS. Yang was a postdoctoral associate at
Stanford University and a staff scientist at GLAM of Stanford before
he came to work at Berkeley Lab. Yang’s research interest is soft X-ray
spectroscopy of energy materials.

Dr. Marca M. Doeff is a staff scientist at Lawrence Berkeley National
Laboratory (LBNL) and a principle investigator in battery programs
funded by the U.S. Department of Energy. Her research focuses on
materials for Li-ion, Na-ion, and solid-state batteries, and she has
published over 200 papers, abstracts, and book chapters on these
topics. She is currently vice-chair of the Battery division of the
Electrochemical Society and is a Fellow of the Electrochemical Society
and of the Royal Society of Chemistry.

ACKNOWLEDGMENTS

F.L. gratefully acknowledges Virginia Tech Department of
Chemistry startup funds. X.Y. was supported by funding from
“One Hundred Talent Project” of the Chinese Academy of
Sciences and the National Key R&D Program of China (Grant
2016YFA0202500). This work was also supported by the
Assistant Secretary for Energy Efficiency and Renewable
Energy, Office of Vehicle Technologies of the U.S. Department
of Energy under Contract DE-AC02-05CH11231. The
Coherent X-ray scattering work at the University of California
San Diego was supported by U.S. Department of Energy, Office
of Science, Office of Basic Energy Sciences, under Contract DE-
SC0001805 (A.S. and O.G.S.). The Advanced Light Source is
supported by the Director Office of Science, Office of Basic
Energy Sciences of the U.S. Department of Energy under
Contract DE-AC02-05CH11231. The Stanford Synchrotron
Radiation Lightsource, a Directorate of SLAC National
Accelerator Laboratory and an Office of Science User Facility
is operated for the U.S. Department of Energy Office of Science
by Stanford University. Use of the Stanford Synchrotron
Radiation Lightsource, SLAC National Accelerator Laboratory,
is supported by the U.S. Department of Energy, Office of
Science, Office of Basic Energy Sciences under Contract DE-
AC02-76SF00515. H.L.X. acknowledges the Center for Func-
tional Nanomaterials, which is a U.S. DOE Office of Science
Facility, at Brookhaven National Laboratory under Contract

DE-SC0012704. This document was prepared as an account of
work sponsored by the United States Government. While this
document is believed to contain correct information, neither
the United States Government nor any agency thereof, nor the
Regents of the University of California, nor any of their
employees, makes any warranty, express or implied, or assumes
any legal responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial
product, process, or service by its trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the
Regents of the University of California. The views and opinions
of authors expressed herein do not necessarily state or reflect
those of the United States Government or any agency thereof
or the Regents of the University of California.

GLOSSARY
AEY auger electron yield
ADF annular dark field
BCDI Bragg coherent diffractive imaging
CEI cathode electrolyte interphase
CCD charge-coupled device
CT computed tomography
CDI coherent diffractive imaging
CTEM conventional transmission electron microsco-

py
DFT density functional theory
DBSCAN density-based spatial clustering of applications

with noise
EDXRD energy-dispersive X-ray diffraction
EDS energy dispersive X-ray spectroscopy
EELS electron energy loss spectroscopy
EF-TEM energy filtered-transmission electron micros-

copy
EV electric vehicle
EXAFS extended X-ray absorption fine structure
FTIR Fourier transform infrared spectroscopy
FY-XRM fluorescence-yield X-ray microscopy
GIXRD grazing incidence X-ray diffraction
HOMO highest occupied molecular orbital
Hard XRS hard X-ray Raman scattering
HXPS hard X-ray photoelectron spectroscopy
IR infrared
IMFP inelastic mean free path
IPFY inverse partial fluorescence yield
ICA independent component analysis
LUMO lowest unoccupied molecular orbital
LAADF-STEM low-angle annular dark field-scanning trans-

mission electron microscopy
NCA LiNi0.8Co0.15Al0.05O2
NMC LiNixMnyCozO2; x + y + z = 1
NMR nuclear magnetic resonance spectroscopy
PIEO photon-in-electron-out
PIPO photon-in-photon-out
PDF pair distribution function
RIXS resonant inelastic X-ray scattering
SEI solid electrolyte interphase
SHE standard hydrogen electrode
Soft XAS soft X-ray absorption spectroscopy
SOC state of charge
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SXPS soft X-ray photoelectron spectroscopy
STXM scanning transmission X-ray microscopy
STEM scanning transmission electron microscopy
TEM transmission electron microscopy
TRF-XAS total-reflection fluorescence X-ray absorption

spectroscopy
TEY total electron yield
TFY total fluorescence yield
TXM transmission X-ray microscopy
UV ultraviolet
UHV ultra-high vacuum
XRD X-ray diffraction
XANES X-ray absorption near edge structure
XPS X-ray photoelectron spectroscopy
XAS X-ray absorption spectroscopy
XES X-ray emission spectroscopy
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