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Abstract: Reduction-oxidation (redox) reactions that transfer conduction electrons from the anode to
the cathode are the fundamental processes responsible for generating power in Li-ion batteries. Elec-
tronic and microstructural features of the cathode material are controlled by the nature of the redox
orbitals and how they respond to Li intercalation. Thus, redox orbitals play a key role in performance
of the battery and its degradation with cycling. We unravel spectroscopic descriptors that can be used
to gain an atomic-scale handle on the redox mechanisms underlying Li-ion batteries. Our focus is on
X-ray Compton Scattering and Positron Annihilation spectroscopies and the related computational
approaches for the purpose of identifying orbitals involved in electrochemical transformations in the
cathode. This review provides insight into the workings of lithium-ion batteries and opens a pathway
for rational design of next-generation battery materials.

Keywords: Li-ion battery; cathode materials; redox orbitals; X-ray compton scattering; positron
annihilation spectroscopy; first principles calculations; density functional theory

1. Introduction

Lithium-ion batteries (LIBs), which have also been referred to as rocking-chair LIBs, are
the result of a long process of research and development [1–4]. They were proposed by
Michel Armand in the 1970s [5] and are based on the concept of a reversible flow of Li+

ions between an anode and a cathode. In 2019, the Nobel Prize in Chemistry was awarded
to John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino for their contributions
to LIBs [6]—a key technology underlying wireless electronics, smart phones, and laptops
in the transformation of the automotive sector [7]. In the past, the field of electrochemistry
involved in battery materials was not well connected with condensed matter physics
community, despite its exploration of oxide materials for superconductivity and magnetism.
However, the functional oxides have also turned out to be promising materials for LIB
cathodes [8–10], and advanced spectroscopies and computational techniques, which are
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part of the standard condensed matter physics toolbox, are now beginning to contribute to
LIB development cycles. It is therefore becoming possible to accelerate the development
of new battery materials and understand at a fundamental atomistic level how a battery
functions and ages [4,11–26].

LIBs possess a high degree of hierarchical complexity that ranges from the atomic
to the macroscopic scale [27,28]. Some properties can be studied using impedance spec-
troscopy [29,30], which probes the behaviour of the battery as a whole. X-ray Compton scat-
tering, in contrast, can probe LIBs, not only at the quantum-mechanical atomic scale [31–36]
but also at the macroscopic scale by mapping the lithium distribution [35,37–40].

The Compton scattering technique is based on probing the momentum density of
the material, much like the positron annihilation spectroscopies that couple with the
electron-positron momentum density [41–44]. Thus, positron annihilation spectroscopies
can complement and validate results obtained through Compton scattering experiments,
both processes represented by the same Feynman diagram [45]. Positron annihilation stud-
ies have been especially useful for probing surfaces of nano-particles [46,47], making them
promising for battery studies as well [48]. Compton scattering and positron annihilation
studies of high-temperature cuprate superconductors have been reviewed in Reference [49].

An outline of this article is as follows. Following the introductory section, Section 2
discusses X-ray Compton scattering experiments. Electron momentum density is explained
in Section 3, and the models based on first principles computations are introduced in
Section 4. Section 5 is devoted to discussing positron annihilation studies of interfaces
and defects in batteries. Finally, Section 6 presents conclusions and outlook. This review
provides a link between the quantum-level spectroscopic characterizations of batteries and
their macroscopic level performance.

2. Hard X-ray Compton Scattering Spectroscopy
2.1. X-ray Studies

High-energy X-rays in the 100 keV range have proven especially useful in advanced
characterization of batteries because they can easily penetrate the metal containers of
electrochemical cells and allow high spatial resolution due to their wavelengths of a few
picometers. The most widely used technique to analyze the atomic scale composition and
structure of LIBs is high-energy X-ray diffraction [50,51]. At lower energies, X-ray absorp-
tion spectroscopy (XAS) and X-ray emission spectroscopy (XES) have been used to access
densities of states [52,53]. However, XAS and XES cannot measure the momentum of the
electrons in materials. In this regard, Compton scattering [54] offers unique opportunities
for investigating materials through its ability to probe electronic momentum densities.

Figure 1a illustrates the Compton scattering process. When the photon is scattered
with an electron, part of its momentum is transferred to the electron, like in billiard balls
collisions. Thus, the photon changes its wavelength and the direction of its wave vector.
The relationship between the wavelength shift ∆λ and the scattering angle θ is given by
∆λ = 2.43× 10−12 m× (1− cos θ) [55]. This formula assumes that the electron is initially
at rest. In reality, the electron also possesses momentum due to its orbital motion around
the atomic nucleus. As shown in Figure 1b, this motion leads to a broadened wavelength
distribution rather than a delta function in the scattered spectrum. The corresponding line-
shape as a function of energy is known as the Compton profile, which is the basic deliverable
coming from a Compton scattering experiment. The shape of the Compton profile depends
on the atomic elements and the orbitals involved in the scattering process. This shape
can be described in terms of an S-parameter (or shape parameter) [37]. The S-parameter
increases if the profile narrows and it has been shown to be proportional to the lithium
concentration in LIB materials [37].
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Figure 1. (a) Schematic of a Compton scattering event. (b) Example of an experimental Compton
profile. (LiMn2O4, data taken from Reference [31]). The scattering angle is 90◦, see also Figure 2a. The
broadened Compton peak around 110 keV and the secondary fluorescent peaks over effects 70–90 keV
are marked.

2.2. Experiments at the SPring-8 Synchrotron Facility

Figure 2a illustrates a typical setup of a Compton scattering experiment. High-energy
Compton scattering experiments are usually carried out at large synchrotron facilities with
advanced detector systems [54]. The BL08W beamline at the SPring-8 synchrotron facility
(Japan) [56–58] is one of the leading facilities in the field. BL08W employs linearly and
elliptically polarized X-rays in the 100–300 keV range. It has been designed specifically
for Compton scattering spectroscopy studies, including magnetic Compton scattering
experiments [34,36] (Section 3.2), where measurements are performed at low temperatures
with an external magnetic field of few teslas. The schematic of the BL08W beamline is
shown in Figure 2b, see Refs. [59,60] for details. All high-energy Compton scattering studies
reviewed here have been conducted at the BL08W beamline.

Figure 2. Schematic of (a) a Compton setup and (b) the SPring-8 BL08W beamline. Panel 2(b) is
adapted from Reference [40].

2.3. Case Study 1: Lithium Distribution in Commercial LIBs

An important objective in battery engineering is to understand and control electro-
chemical reactions throughout the battery. Migration of lithium ions in a LIB involves
complex pathways and inhomogeneous lithium distributions connected with the battery’s
state of charge, state of health, discharge speed, and temperature [28]. Suzuki et al. [37]
have imaged the behaviour of Li ions inside the commercial battery CR2032 using the S-
parameter of the Compton profile, as shown in Figure 3. As noted already, the S-parameter
increases linearly with increasing Li concentration in the LixMnO2 cathode. The spatio-
temporal images of the S-parameter capture the migration of lithium ions and reveal the
internal structural changes resulting from volume expansion of the anode and the shrinkage
of the cathode. The present method thus provides an in operando visualization of Li con-
centration in a closed cell and enables identification of the mechanism of cell degradation.
This approach has been used for several commercial batteries [37–40,61].
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Figure 3. Compton scattering intensity as a function of time during the discharge of the CR2032
commercial battery. Red and blue regions correspond to the negative electrode and the LixMnO2

in the positive electrode, respectively. The olefin separator is marked with yellow. The battery was
discharged under a constant current of 5.5 mA for 15.75 h. Adapted from Ref. [37].

3. Electron Momentum Density

Note that the electronic charge density n(r) and momentum density ρ(p), which
describe the probability distribution of electrons in the positions r and momentum p
space, respectively reflect effects of Heisenberg’s uncertainty principle [62–64]. When an
electron localizes in an atomic orbital, the uncertainty in its momentum must increase.
Therefore, atomic orbitals bounds tightly to the nuclei, which appear at small distances in
the charge density mapped at high momenta in the momentum-density [55]. This provides
a conceptual basis for imaging orbitals via the electron momentum density spectrum [65].

3.1. Spectral Function and Redox Orbitals

The electron momentum density can also be described in terms of the spectral density
or spectral function [66]:

ρ(p) =
∫ µ

−∞
dE A(E, p), (1)

where µ is the electron chemical potential or Fermi energy. The spectral function A(E, p)
captures the many-body electronic states in the solids [66–68] and can be calculated via
the Dyson equation [69]. Near the Fermi level, the spectral function can be obtained as an
energy derivative of ρ(p) and thus visualized by taking differences of electron momentum
distributions for different values of the chemical potential [70].

The redox process involves transfer of electrons between the two electrodes. In a
lithium-ion battery, the current is generated when conduction electrons from the lithium
anode are transferred to the redox orbitals of the cathode material. The key underlying
electronic process is the change in the formal valence of the involved ions. Here, the
concept of the redox orbitals is useful for describing the electronic state of the cathode
during lithium insertion and extraction processes. The relevant lithium orbitals in the
cathode often posessess a strong 2-p character, and these orbitals can be visualized by
considering momentum densities of the cathode material at different states of charging via
Compton scattering experiments [31,35].

For example, Hafiz et al. [33] extracted the redox orbitals of lithium iron phosphate
during lithiation/delithiation by monitoring the changes in Compton profiles [33]. The
contribution of ρ(p) corresponding to Li insertion can be reconstructed (Figure 4) and used
to gain insight into voltage shifts in the LIB and how these shifts are connected with the
modification of the bond between the transition metal and oxygen atoms. The redox orbital
concept is also related to the Fukui function [71,72], which has been used to visualize
orbitals related to electron transfer processes in electrode materials [72].
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Figure 4. (a) The FeO6 octahedron in LiFePO4 (the dashed blue arrow represents the redox Fe2+/Fe3+

reaction) and (b) the redox orbital on Fe atom displayed in momentum space. The momentum density
is averaged along the c axis. Blue represents lower and yellow higher momentum density. Rectangle
marks the Brillouin zone. Momentum is given in atomic units. Adapted from Reference [33].

3.2. Impulse Approximation to Calculate the Compton Profile

Assuming that the Compton scattering process is so fast that the many-body electron
system has no time to rearrange itself, the excited electron can be considered as a free
electron. Within this approximation, which is known as the impulse approximation, the
Compton profile is given as a function of the electron momentum by [66]

J(pz) =
∫∫

ρ(p)dpxdpy, (2)

where pz is the momentum value along the scattering vector k (see Figure 1a) and px and py
are perpendicular- components. Integration over px and py reflects the fact that in a typical
Compton experiment, the kinematics of the recoil electron are not measured, so that the
information perpendicular to pz is effectively lost. In magnetic materials, the momentum
density is spin-polarized, and one obtains the magnetic Compton profile [54]:

Jmag(pz) =
∫∫ [

ρ↑(p)− ρ↓(p)
]
dpxdpy , (3)

where ρ↑(p) and ρ↓(p) are the momentum densities of the majority and minority spins,
respectively.

3.3. Case Study 2: Phase Diagram of LixCoO2

The phase diagram of the layered cobalt oxide cathode material LixCoO2 is highly
complex [73], including charge density waves and stripe-like behavior, where the itinerant
cobalt 3d electrons can localize [74]. In this connection, Barbiellini et al. [32] have analyzed
the Compton spectra taken from polycrystalline LixCoO2 samples for different lithium
concentrations x and found that the spectral functions related to the Compton profile
differences ∆J are dominated by contributions of O-2p electrons, see Figure 5. One can also
identify the distinct signature of 3d electron delocalization in Figure 5 (green curves). This
contribution is stronger for x = 0.625 to 0.75, where the material is known to be a good
conductor, which connects this feature to the conductivity of the material and provides
a descriptor based on Compton spectra for monitoring the domain of x with improved
conductivity and kinetics for safe electrochemical operations.
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Figure 5. The Compton profile difference ∆J between Li concentrations of (a): x = 0.5 and x = 0 and
(b): x = 0.75 and x = 0.625. Adapted from Reference [32].

This study is limited to spherically averaged Compton profiles because the cathode
materials are normally available in powder form.

Directional Compton profiles from single crystals, which entail much greater exper-
imental effort, will allow full reconstruction of A(ω, p); see, for example, the work of
Sakurai et al. on high-Tc superconductors [58] and other studies [75–78]. Such reconstruc-
tions of the momentum density can also yield the Fermi surface, which lies at the heart of
the metallic state [74].

4. Computational Models of Compton Scattering
4.1. Density-Functional Theory

Development of modern computing facilities and first-principle methodologies has
triggered an exponential growth of the field of computational material design. The theory
and modeling of Compton scattering spectra of ordered and disordered materials has taken
advantage of these advances [70,79–82] and accelerated the pace of discovery Density-
functional theory (DFT) [83–87] has enabled obtaining chemical information at the quantum-
mechanical level, and a variety of DFT codes are available [88], including the Vienna ab initio
simulation package (VASP) [89] and Quantum Espresso [90]. These codes use the projector
augmented wave method [91] and the plane wave basis set, which is particularly suitable for
treating crystalline solids. DFT has been used in describing many LIB materials [13,92–95].
Implementations of DFT requires approximations to the exchange-correlation energy that
contains the many-body interactions, including Coulomb correlation effects for localized
electronic states.

Common approximations for the exchange-correlation energy include the local spin
density approximation (LSDA) and the generalized gradient approximation (GGA) [96].
However, materials that are strongly correlated cannot be described well within the LSDA
and GGA. Systematic improvement have been demonstrated in treating many classes of
correlated materials, including the high-Tc superconductors, using the strongly constrained
and appropriately normed (SCAN) approximation [87,97–100].

For computational purposes, the electron momentum density can be expressed in
terms of the natural spin orbitals ψi(r), (the eigenvectors of the density operator) [101]:

ρ(p) = ∑
i

ni

∣∣∣∣∫ d3r ψi(r) exp(−ip · r)
∣∣∣∣2, (4)

where ni is the occupation number of the ith natural spin orbital [102,103]. The natural spin
orbitals can be approximated in terms of the Kohn-Sham orbitals obtained from the DFT
calculations [103].

4.2. Case Study 3: Verwey Transition in the LiMn2O4 Spinel Battery

The Li-Mn-O spinel battery has attracted interest because of the low cost of its com-
ponents. However, close to room temperature, the LiMn2O4 stoichiometric compound



Condens. Matter 2022, 7, 47 7 of 18

undergoes a structural Verwey transition [104,105]. This mechanism was introduced by
Verwey in 1941 [106] to explain the low temperature transition in magnetite Fe3O4 at the
B-sites of the spinel structure. In LiMn2O4 spinel material, the Verwey transition also drives
the onset of long-range antiferromagnetic ordering, triggers changes in the Mn valence
states, and produces Jahn-Teller distortions that lead to cathode degradation [107]. Hafiz
et al. [34] have studied whether a magnetic field can alleviate these distortions in LiMn2O4.
They used magnetic Compton scattering with an external magnetic field, which favours
a ferrimagnetic phase in LixMn2O4 and prevents the Verwey transition in the competing
antiferromagnetic phase and allowed the identification of the magnetic t2g orbital residing
on the 3d manganese atoms of the ferrimagnetic phases. Figure 6a shows the momentum-
space map of this orbital that is obtained by subtracting the spin down momentum density
from the spin-up contribution.

Figure 6. (a) Magnetic momentum density of LixMn2O4, corresponding to the magnetic Mn t2g

orbitals. (b) Momentum density of the O(2p) redox orbitals involved in the O2−/O− anionic
process in LixTi0.4Mn0.4O2. The image has been obtained by subtracting the momentum density
corresponding to x = 0.4 from that of x = 0.8. Adapted from Reference [35].

4.3. Case Study 4: Lithium-Rich Battery Material Li1.2Ti0.4Mn0.4O2

Li-rich layered oxides present a promising class of cathode materials for developing
batteries with high capacities of 300 mAh/g [9,108–113]. The atomic level origin of the
high capacity remains unclear. If the redox process involves only the molecular orbitals of
the octahedron formed by the transition metal atom, the capacity would be expected to be
lower than the observed values. There is a growing consensus that high observed capacities
imply that at play is a reversible redox reaction of the O2− anions, through which extra
electrons are contributed by the non-bonding O-2p orbitals [112]. This anionic mechanism
has been investigated using spectroscopy techniques capable of probing oxygen activity,
including X-ray photoemission spectroscopy (XPS) [114] XAS [115] and X-ray resonant
inelastic scattering (RIXS) [116]. However, in these techniques, the surface effects can
dominate over the signal from the anionic reaction in the bulk. Additionally, it has proven
difficult to detect oxygen activity [117] using X-ray Raman spectroscopy, even though
the technique is more bulk-sensitive. Using X-ray Compton scattering in LixTi0.4Mn0.4O2,
Hafiz et al. [35] have confirmed the microscopic mechanism involving O-2p orbitals [112].
A similar conclusion was reached through magnetic X-ray Compton scattering study of
Suzuki et al. [36]. These studies, which involve a combination of X-ray Compton scattering
experiments and parallel first principles modeling, have shown how electrons from Li
atoms unleash electrical energy at the atomic level while occupying the redox orbitals at
the active oxygen sites and how the electronic structure responds to Li intercalation. In this
way, different behaviors of the redox processes of the transition metal and oxygen atoms
are revealed. An image of the redox orbital in the momentum space associated with the
anionic reaction is shown in Figure 6b.
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5. Defect Evolution in Lithium-Ion Cathodes Studied by Positron
Annihilation Spectroscopy

Positron annihilation spectroscopy (PAS) is a powerful technique for studies of the
electronic and structural properties of solids, providing, among others, useful information
about the size, type, and number density of various defects and surfaces [41,43,44]. Com-
bined theoretical and experimental PAS studies show that PAS provides a unique and effi-
cient approach for investigating vacancy-like defects and the microstructural properties of
LIB electrode materials [48]. PAS is highly defect-sensitive and non-destructive. When com-
bined with other techniques, such as X-ray diffraction, as applied to LiNi1/3Mn1/3Co1/3O2
in Reference [118], PAS can help monitor phase transitions and structural evolution of the
cathode materials. Other PAS studies of cathode materials include those by Parz et al. [119],
Zhang et al. [120], and Pagot et al. [121]. Figure 7 depicts the principles of PAS spectroscopy.
It is common to employ 22Na isotopes as the positron source in PAS experiments. Positrons
typically thermalize within a few picoseconds after implantation in a solid. They then
diffuse ∼100 nm in a defect-free and between a few and tens of nanometers in a defective
cathode before annihilation with a characteristic lifetime of 100–300 ps [43,121]. After
thermalization, the position can be either in a free bulk state or trapped in a defect [43,122].
Two γ-quanta with a center-of-mass energy of 511 keV [43] are emitted in the annihilation
event. Microstructural properties and the chemical environment at the annihilation site can
be captured by analyzing the PAS spectra. The complementary features of PAS and X-ray
techniques can be used effectively to highlight the structural evolution of the cathodes
and the degradation mechanisms of lithium-ion batteries with repeated charge/discharge
cycles.

EC 
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Figure 7. Schematic illustrating principles of PAS. 22Na decay and the positron annihilation processes
are shown. In its main decay channel (90.4%), the 22Na nucleus decays by emitting a positron with a
maximum energy of 0.546 MeV to the excited state of 22Ne, which nearly simultaneously (t1/2 = 3.7 ps)
de-excites to its ground state and emits a 1.274 MeV γ-quantum. The positron implanted into the
sample annihilates with an electron after thermalization and diffusion and emits two 0.511 MeV
γ-rays, which are detected in a Doppler broadening and an angular correlation experiment. Positrons
typically thermalize in the sample within about 10 ps.

Prior to its annihilation, the positron can be trapped in open volume defects, such as
atomic vacancies, pores, and cavities. The trapping probability depends on the charge state
of the defects. The charge state can become attractive for the positron if the defect is neutral
carries or negative charge because positive ions repel the positron. Positron trapping is not
possible with positively charged defects that exist, for example, in silicon [123] and metal
oxide semiconductors [124]). The trapped positrons have a longer lifetime than positrons
in a defect-free crystal due to reduced local electron density [43]. The type and size of the
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vacancies can be characterized by measuring the lifetime of the positron, which is the time
difference between the detection of the 22Na de-excitation photon and the annihilation
γ-rays, see Figure 7. This technique is referred to as the positron annihilation lifetime
spectroscopy (PALS). Moreover, the concentration of various defect types can be extracted
from the associated relative spectral intensities.

Momentum of the annihilating electron-positron pair induces a Doppler shift ∆E of up
to several keV, with respect to the 511 keV-line and an angular deviation from collinearity,
see Figure 7. In Doppler broadening measurements, the spectra are characterized by
parameters like in Compton Scattering spectroscopy, and it is common to consider the
shape parameter S and the wing parameter W, where the latter describes the tail of the
spectrum [41]. The S and W parameters contain information about the electronic orbital
characters, as well as the electron momentum distribution. They can be used to extract
information on defects in the sample. For example, an increase of the S-parameter indicates
an increase in the size and/or the number density of open-volume vacancies, if the positron
localizes in these regions [43].

5.1. State of Charge-Dependent Structural Features of LiCoO2

LiCoO2 (LCO) is one of the most widely used cathode materials in LIBs. Its lithia-
tion/delithiation processes in terms of Li-ion content, State-of-charge (SoC) dependent
structural features, and defect formation caused by charging/discharging have been stud-
ied extensively via PAS [48,119,121]. Computational models based on first principles are
well developed for predicting and validating experimental PAS results [43,122]. Electron-
positron DFT [125] is an efficient way of treating positron states in materials. The electron-
positron correlation effects in this generalization of DFT have been treated within the
framework of the GGA [126–128]. This approximation has been made parameter-free by
Barbiellini and Kuriplach [129] and it has been used to study the positron properties of the
LCO cathode [48].

The positron annihilation rate λ, which is the inverse of the lifetime τ, is given by the
integral of the electron-positron pair momentum distribution ρep(p) [80,103,122]. By using
mathematical identities given by Kaiser et al. [130], one can derive the formula

λ =
1
τ
=

πr2
0c

V

∫
d3p ρep(p) = πr2

0c
∫

d3r γ(r) n(r)|ψ+(r)|2, (5)

where r0 is the classical radius of the electron, c is the speed of light, n(r) is the electron
density, γ(r) is the electron-positron contact term given by GGA [129], ψ+(r) is the ground
state positron wave function, and V is the volume of the unit cell. The positron density
distribution (PDD) |ψ+(r)|2 in LixCoO2 at different SoCs (x = 1 and x = 0.5) is visualized
in Reference [48]. The positron lifetimes in the discharged and partially charged LCO (i.e.,
LiCoO2 and Li0.5CoO2) have been computed with GGA to be 131 and 179.2 ps, respectively.
A recent study was carried out by Pagot et al. [121] using PALS and Doppler broadening
measurements to investigate the effect of SoC on the structural and morphological features
of graphite-incorporated LCO samples. A typical experimental PALS setup is shown in
Figure 8.

For the partially charged cathode (Li0.5CoO2), the positron lifetime was measured to
be 180 ps, in excellent agreement with the value calculated in Reference [48]. This implies
that the bulk-like state assumed by the theoretical model becomes very similar to the actual
positron state. In the case of an LCO cathode with higher Li content (x = 1), due to the
more rapid positron spillover from the LCO nanoparticles, the measured lifetime of the
bulklike state is about 30 ps higher than the calculated value. An interesting finding of
Pagot et al. [121] is that, compared to the initial thickness of the discharged LCO cathode,
the thickness of the sample increased by 14% after charging to Li0.5CoO2. They also observe
in their Doppler broadening measurements that the S-parameter of discharged LiCoO2
generally tends to be higher compared to that of the partially discharged Li0.5CoO2 sample,
see Figure 9, which is in agreement with X-ray Compton scattering results [32]. The study
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of Parz et al. [119] reports an average positron lifetime of about 207 ps for the charged
LixCoO2 sample (x = 0.5), which is in reasonable agreement with the value of 215 ps
obtained by Pagot et al. [121].

Figure 8. Schematic of a typical experimental PALS setup. 1.274 MeV γ-quanta emitted by 22Na
source in the sandwich configuration are detected as the start signal by the scintillation counter; the
0.511 MeV γ-quanta emitted at the annihilation site are then detected as the stop signal by another
detector. Both signals are delivered to the corresponding CFD (Constant Fraction Discriminator)
set with energy windows of 1.274 and 0.511 MeV, respectively. Electric signals collected within the
correct energy window of each CFD are converted to logic signals that subsequently feed the TAC
(Time-to-Amplitude Converter) to generate an output analog signal with an amplitude proportional
to the time interval between the start and stop signals (i.e., positron lifetime). The signal is then
processed by the MCA (Multi-Channel Analyzer) for analysis.

Figure 9. Evolution of the S parameter as a function of the positron implantation energy in LiCoO2

(green dots), Li0.5CoO2 (brown dots), and a graphite reference sample (black dashed line), taken
from [121]. Positron diffusion lengths in the LiCoO2 and Li0.5CoO2 samples were estimated to be 60
and 55 nm, respectively.

5.2. Charging-Induced Defect Formation in LCO Cathodes

The limit of reversible charging of the LCO cathode is well established at about
x = 0.55. Further Li extraction from the Li+ sublattice is expected to result in irreversible
structural evolution and battery degradation in terms of loss of capacity and cyclabil-
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ity [119,131]. A systematic investigation of the vacancy-type defect formation in the LCO
cathode caused induced via charging was performed using PAS over a the range of Li
concentration from x = 1 down to x = 0.55 and reported by Parz et al. [119]. The measured
positron annihilation parameters (S and τ1) show highly sensitive responses to free volume
defect formations at various Li contents, see Figure 10. The results of Parz et al. [119]
and first-principle simulations [132] provide explicit evidence that transition of the two-
dimensional randomly distributed Li+ vacancies into one-dimensional vacancy chains
occurs at around x = 0.55. Upon further Li+ extraction beyond the x = 0.55 limit, a drastic
increase of both S and τ1 annihilation characteristics was observed, indicating that strong
distortion of the LCO lattice structure results in cathode degradation.

Figure 10. PAS results from a LCO cathode at various Li-ion concentrations, adapted from [119].
(a): Doppler broadening S and W parameters with respect to S0 and W0 of the fully Li+-loaded state.
(b): Positron lifetime component τ1 and lattice parameter c of the hexagonal phase.

5.3. In Operando Characterization

PAS techniques have been also successfully applied to in operando characterization of
battery materials during charging and discharging processes [131]. In operando studies
have an advantage over ex situ measurements owing to their greatly enhanced sensitivity
via continuous signal monitoring, while the Li content on a single electrode is varied. In
order to achieve the improved cathode performance, composite cathodes offering advanta-
geous redox potential, energy density, and structural stability have been developed, e.g.,
Li1−yNi1/3Mn1/3Co1/3O2 [25,26]. The process of charging-induced defect formation in
this material while charging the cathode from x = 1 down to x < 0.63 was studied by
Klinser et al. [131] through in operando PALS characterization. Figure 11 displays the
change in positron lifetime with respect to that of the fully discharged state as a function of
Li-content [131], together with the electrode potential behaviour for the first charging cycle
of Li1−yNi1/3Mn1/3Co1/3O2.
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Figure 11. Behaviour of electrode potential U as a function of charging time t and change in positron
lifetime ∆τ as a function of Li-content x measured on the Li1−yNi1/3Mn1/3Co1/3O2 cathode, taken
from [131]. In charging stage I (x > 0.87), a constant increase in the positron lifetime τ was observed.
Following this, in charging stage II (0.87 > x > 0.77), a slight decrease instead of increase in τ was
discerned. τ increased again for of 0.77 > x > 0.63 (charging stage III), followed by a decrease when
x < 0.63.

As discussed above, continuous monitoring of lifetime evolution facilitates sensi-
tive probing of charging-induced defect formation and phase transition with changes in
Li concentration.

5.4. Opportunities for PAS

Intrinsic and lithiation-induced defects exhibit strong affinity towards positively
charged Li-ions, so that the trapped Li ions at defects become more difficult to extract, caus-
ing capacity loss and degradation of battery performance [26]. Approaches that have been
developed to improve Li-ion diffusion between the layered electrodes and enhance their
electrochemical properties and structural/cyclic stability include doping, surface coating,
and strain engineering [6,133]. Advanced characterizations of structural and electronic
aspects of energy storage materials via PAS and other spectroscopies will facilitate the
development of new strategies for optimizing electrode materials for sustainable energy
storage and utilization technologies.

6. Conclusions and Outlook

Replacing fossil fuels with renewable energy sources is one of the most pressing
challenges facing humankind. This transition includes electric vehicles that are expected to
reach 200 million by 2030 [134], where the main bottleneck is the availability of long-lasting,
sustainable batteries [135]. This will require new battery design strategies based on a
deeper, atomic level understanding of the working of the batteries. Li-ion batteries involve
a variety of interacting processes over time and space scales that span many orders of
magnitude. At the smallest scale lie the redox orbitals that drive the charging/discharging
reactions at the cathode and could be viewed as the “genes” of the battery because they
code the key electronic properties of the cathode material. Redox orbitals are also involved
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intimately in determining the capacity and lifetime of the battery and in the processes that
control efficient flow of Li ions between the electrodes.

This review discusses recent work towards developing spectroscopic approaches that
enable an atomic level understanding of the battery materials and the visualization of
the redox orbitals through charge/discharge reactions in real time, i.e., in operando. The
focus is on X-ray Compton scattering, which is mostly aimed at probing bulk electronic
properties and PAS, which serves to complement Compton scattering studies by moni-
toring open-volume defects, such vacancies, vacancy clusters, dislocations, surfaces, and
interfaces. Parallel first principles modeling is key for extracting material-specific electronic
and structural information from the experimental Compton scattering and PAS spectra.
This combination of theory and experiment has been specially successful in interpreting
Compton scattering results. However, theoretical modeling in the case of PAS has been
more challenging due to difficulties of treating electron-positron interaction.

The combination of Compton scattering and PAS has been invoked traditionally for
investigating Fermi surfaces and other delicate features of electronic momentum distribu-
tions in materials [136,137]. Although this has not been the case so far in connection with
cathode materials, such complementary studies will be valuable, as shown, for example, by
the work of Laverock et al. [138] on sodium cobalt oxides.
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