
REVIEW
www.advenergymat.de

Multi-Dimensional Characterization of Battery Materials
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Demand for low carbon energy storage has highlighted the importance of
imaging techniques for the characterization of electrode microstructures to
determine key parameters associated with battery manufacture, operation,
degradation, and failure both for next generation lithium and other novel
battery systems. Here, recent progress and literature highlights from
magnetic resonance, neutron, X-ray, focused ion beam, scanning and
transmission electron microscopy are summarized. Two major trends are
identified: First, the use of multi-modal microscopy in a correlative fashion,
providing contrast modes spanning length- and time-scales, and second, the
application of machine learning to guide data collection and analysis,
recognizing the role of these tools in evaluating large data streams from
increasingly sophisticated imaging experiments.
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1. Introduction

In recent years, the demands for low car-
bon energy storage in the transport and
grid sectors has driven a global research
effort in the development and optimiza-
tion of Li-ion batteries (LIB) with increas-
ing demands on cost, energy, and power
density, and operational safety. In tan-
dem, a broad palette of microscopy and
associated simulation and analysis tools,
has provided a platform for increasingly
sophisticated analysis with resolutions
spanning the atom to the device level.
These tools increasingly extend investiga-
tions into the third dimension, providing
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Table 1. Comparison of multi-modal imaging characterization with typical reference values.

Technique MRI Neutron X-ray (micro) X-ray (nano) FIB-SEM TEM

Sample size 3–20 mm 1 mm to 50 cm 500 μm to 5 cm 50 to 500 μm 10 μm to 1 mm 100 nm to 500 μm

Sample preparation Moderate Easy Easy to moderate Difficult Difficult Very difficult

Image resolution 30 μm 10 to 300 μm 1 to 100 μm 10 to 300 nm nm to μm Å to nm

In situ/operando Possible Easy Easy to moderate Difficult Very difficult Moderate

spatially resolved insight into energy storage materials and de-
vices from the nano- to the millimeter length-scales providing
unprecedented understanding of the relationship between elec-
trode microstructure and device performance. Moreover, the op-
portunity to study materials in their native state (such as within
functioning commercial battery cells) and over the fourth dimen-
sion (time), through the application of non-destructive in situ
and operando techniques is emerging, enabling the exploration
of time resolved processes as a function of current, voltage, ther-
mal history, and cycle life.

Electrochemical devices are assembled with complex hierar-
chical microstructures designed to optimize the electrochemical,
thermal, and mechanical performance. For instance, commercial
Li-ion cells are assembled, at present, out of a positive and nega-
tive electrode which are separated by a porous, typically polymer,
separator membrane submersed in a liquid electrolyte. The posi-
tive electrodes are manufactured with crystallographic structures
that permit desirable (de)lithiation, then these primary crystalline
particles are typically scaled into secondary agglomerates that are
mixed with a carbon-binder-domain (CBD) matrix, printed and
pressed/calendared onto a current collector to form the electrode.
At the negative electrode, graphite is the ubiquitous active ma-
terial, where characteristically heterogeneous graphite particles
are combined with mechanical, and conductivity enhancing ad-
ditives and printed in a similar fashion. With increasing need
for enhanced energy density, there is a trend toward the addition
of Si/SiOx which display higher gravimetric capacity, but require
alternative formulations to account for differences in their me-
chanical and electrical behavior. At a larger scale, this electrode-
separator-electrode assembly is then manufactured into a partic-
ular cell format, for example, cylindrical, pouch, or prismatic, for
operation. The methods we discuss here are collectively capable
of analyzing across the length and time scales critical to battery
performance.

In this review, we explore the importance of correlative ap-
proaches in examining the multi-length-scale structures (elec-
tronic, crystal, nano, micro, and macro) involved in determining
key parameters associated with battery operation, degrada-
tion, and failure. In doing so, we identify the major achieve-
ments and future challenges for a broad range of imaging
tools. First a brief summary is provided (organized by tech-
nique and length scale) of recent progress in characterizing
energy storage materials and devices achieved by magnetic
resonance, neutron, X-ray, focused ion beam (FIB), scanning
(SEM) and transmission electron (TEM) microscopy. We rec-
ognize the breadth of additional characterization tools that
are widely applied to battery materials and devices, and focus
here on the aforementioned techniques, first due to their com-
mon microscopy theme, and second due to their ability to be

effectively correlated as part of a multi-scale imaging frame-
work.

From this portfolio of microscopy tools, each individual tech-
nique offers unique benefits and drawbacks. The trade-off be-
tween spatial resolution and sample size is, perhaps, the most
widely recognized compromise in microscopy, which is consid-
ered alongside the relative difficulties in sample preparation and
capability for operando measurements in the Table 1.

The myriad processes that govern battery performance and
lifetime mandate a multiple length scale understanding; from
atomic re-structuring and interphase growth at the finest scales,
through electrode morphology governing energy and power
density at the micro-scale, to the macroscopic spatial trends asso-
ciated with cell engineering and safety. Key examples from the lit-
erature are used to illustrate the current state-of-the-art in the ap-
plication of these characterization tools to tackle these challenges.

By reflecting on recent progress we identify two major trends
which are explored later in this paper: first, the use of correlative
multi-modal microscopy in providing multiple contrast modes
and analytical information, spanning length- and time-scales,
and second, the application of computational imaging and ma-
chine learning (ML) tools to guide data collection and analysis,
recognizing the role of these tools to evaluate large data streams
from increasingly sophisticated imaging experiments. Finally, we
summarize future opportunities.

A significant focus of this review is on state-of-the-art, in
situ and operando non-destructive characterization techniques,
which have emerged in recent years as powerful tools for bat-
tery research and design. In situ tools are defined here as those
which have the capability to study the battery in its native state,
whilst operando tools are those which can characterize a battery
during operation (for example during current flow). In both in-
stances, the trade-off between the analysis volume and the achiev-
able resolution remains but as these families of techniques per-
mit repeat study of the identical sample (either during or after
operational cycling), direct (rather than statistical) quantification
of microstructural or chemical evolution can be achieved. These
are complemented by ex situ characterization techniques which
remain important in the arsenal of available tools. Here particu-
lar care must be exercised to ensure the statistical significance
of the sample selected for analysis, and the risk of damage to
the sample during preparation also must be considered. Both
these factors can be mitigated by linking them to the above non-
destructive techniques. Moreover, new possibilities for correla-
tive multi-scale characterization can help to break the microscopy
paradigm wherein high spatial resolution is achieved at the ex-
pense of sampling volume and wider context, which is consid-
ered, alongside computational imaging and machine learning as
a key emerging opportunity in later sections of this article.
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2. Magnetic Resonance Imaging/Electron
Paramagnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a non-destructive charac-
terization technique, providing spatially resolved information on
the atomic environment of nuclear magnetic resonance (NMR)
active nuclei, such as 1H, 19F, 7Li, or 23Na.[1–3] MRI can pene-
trate optically opaque samples, but is unable to image samples
encased in metal, because radio frequency (RF) radiation can-
not penetrate metals beyond a skin depth ≈10−5 m.[4] Which
makes the sample preparation challenging and limits the mate-
rial useable for battery cells to principally plastic housings. More-
over, the presence of metals can introduce image artifacts, but
are minimized through sample alignment with RF and mag-
netic fields.[5,6] In the last decade, in situ and operando MRI have
been developed to provide time-resolved quantitative information
about chemical changes within electrodes and electrolytes, en-
abling a more holistic view of battery chemistry[6–8] (Figure 1a).
While MRI has lower spatial resolution (typically ≥ 10−5 m) than
some other imaging techniques, the combination of NMR spec-
troscopy and imaging enables the identification, distribution and
transport of species across multiple length scales, in 3D, and in
real-time.[2] For example, the NMR chemical shift is able to distin-
guish between metallic and solvated lithium and sodium species,
enabling selective observation of changes in the electrolyte and
electrodes during electrochemical cycling.[3,5] It is also possible
to distinguish mossy or dendritic microstructures.[9] Li dendrites
have been visualized by 2D and 3D 7Li MRI and 3D chemical
shift imaging (Figure 1b).[10] In addition to the visualization of
dendrites, quantitative information on diffusivity and transport
numbers during charge cycling have been acquired using 1D 7Li
MRI.[11] More recently, the formation of sodium dendrites have
been visualized, operando, by 2D 23Na MRI and 3D 1H MRI[5] in
a sodium metal cell, and the formation and evolution of metal-
lic and quasi-metallic sodium during the formation cycle, has
been followed in a sodium full cell.[5] In situ 1D 23Na MRI has
been used to observe the formation and evolution of dendritic
and mossy sodium microstructures during deposition and strip-
ping processes.[12]

It is also possible to indirectly observe battery chemistry, using
1H or 19F MRI of the electrolyte.[13,14] Negative images from 1H
MRI of the electrolyte have be used to reveal lithium or sodium
dendrites on the surface of electrodes following galvanostatic
plating (Figure 1c).[5,14] 1H MRI of the electrolyte has also proved
useful observing battery chemistries involving NMR inactive, or
low receptivity, nuclei, and has been successfully used to observe
the distribution and speciation of zinc-oxygen electrochemistry
in a zinc-air battery[4] as shown in Figure 1d. Internal changes in
the magnetic susceptibility of electrodes, associated with a bat-
tery’s charge state, have been detected using “inside-out” MRI, by
observing changes in the magnetic field map surrounding a bat-
tery using water as detection medium, during charge cycling.[15]

Dynamic nuclear polarization (DNP) enhanced NMR achieves up
to several orders of magnitudes higher sensitivity and selectivity
by microwave enhanced nuclear magnetization. Hope et al.[16] re-
ports the significant hyperpolarization of room temperature 7Li
NMR signal of cycled lithium metal anodes using high-field room
temperature Overhauser DNP enable studying spectra of solid-
electrolyte interphase (SEI) species selectively.

Electron paramagnetic resonance imaging (EPRI) relies on
the detection of electron spins offering higher sensitivity than
MRI. In situ EPRI has been used to monitor battery chemistry
in a LIB using Li2Ru0.75Sn0.25O3 and Li electrode allowing the
stripping/plating of Li metal to be visualized and the nucle-
ation of Ru5/oxygen species to be located.[17] Using cells con-
structed from Perfluoroalkoxy alkanes, which are transparent to
microwaves.[18] EPRI has also been used to provide time resolved
semi-quantitative information on the formation and growth of
lithium dendrites.[19] Further, semi-quantitative distributions of
Li deposition have been determined using an anode-free cell via
in situ spatial-spatial EPRI where Li deposit sizes could be esti-
mated by spectral-spatial EPRI.[20] Dutoit et al.[21]show the bene-
fit of in situ correlative EPR spectroscopy and EPRI to track the
nucleation of sub-micrometric Li particles and dendrites formed
through the separator in a symmetric Li|LiPF6|Li cell as shown
in Figure 1e. However, EPRI suffers from several technical chal-
lenges and the typically broad line widths associated with the
EPR signal makes image reconstruction more challenging than
MRI.[22]

3. Neutron Imaging

The contrast in neutron imaging is based upon the interaction of
thermal (≈1.0–2.5 Å wavelength) or cold (>2.5 Å) neutrons with
the atomic nuclei. The coherent scattering (diffraction) provides
information about the crystal structure of the sample. The attenu-
ation of neutrons does not follow a systematic relationship down
the periodic table and can vary significantly, even between the iso-
topes of one element. Therefore, imaging with neutrons allows
non-destructive studies of bulky metallic samples (which are eas-
ily penetrated) while providing a high sensitivity to light elements
(such as lithium). Since 6Li has a much higher absorption cross
section than 7Li, the difference in the isotope cross sections can
be exploited, for example, to study the Li+ diffusion process in
Li-ion cells by monitoring the movement of 6Li through 7Li.[23,24]

Neutron imaging for battery applications has recently been the
subject of a comprehensive review[25] but is also briefly consid-
ered here alongside other key characterization tools for complete-
ness.

Despite the relatively long exposure times for neutron imag-
ing, varying between seconds/minutes for low/high spatial re-
solved images (≈100 μm and <20 μm), 2D neutron radiogra-
phy can be used to analyze dynamic Li+ transport, for instance
in pouch cells, where the Li concentration at different state of
charge and electrode swelling can be resolved.[26,27] However due
to the limited spatial resolution, thick electrodes are often used
to achieve meaningful results. Thus, the lithium intercalation
and capacity loss in relation to trapped lithium has been studied
for 300 μm thick graphite composite electrodes.[28] Further, this
method is also well suited to examine the influence of the current
density on the Li transport and capacity. The influence of differ-
ent C-rates (measure of the dis-/charge current relative to the cell
capacity A Ah−1) in >600 μm Li4+yTi5O12|LiCoO2 electrodes has
been demonstrated whereby high C-rates generate a lower capac-
ity and Li transport could only be found in the electrode layers
close to the separator.[29,30] A combination of operando neutron
radiography and in situ neutron CT has been used to examine
the Li dendrite growth inside a 7Li|LiMn2O4 cell.[31] The higher
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Figure 1. MRI imaging. a) MRI in situ study on a symmetric Li cell shows the evolution of 7Li electrolyte profile (top) and the 7Li chemical shift imag-
ing (CSI) of the Li metal electrodes, charged at 0.76 mA cm−2, indicating dendrite growth on the positive electrode. Reproduced with permission.[8]

Adv. Energy Mater. 2023, 13, 2300103 2300103 (4 of 20) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2023, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202300103 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [12/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

attenuating Li dendrite formation is distinguishable from the less
attenuating 7Li-anode whereby the dynamic growth is captured
from the radiographs and the 3D location by the CT scans after
each dis-/charge step. Although exposure times for neutron CT
are often in the range of hours it provides a unique view inside
the Li distribution of, for example, <1 mm thick V2O5 electrodes
in commercial coin cells[32] or visualizing the variation of the dis-
charge products across the bulk of lithium-air batteries.[33]

The latest advances complement neutron imaging with X-ray
imaging to examine both light and heavy elements. As demon-
strated on a spirally-wound CR2 Li|MnO2 primary cell using
operando X-ray and in situ neutron CT.[34] X-rays primarily show
the MnO2 electrode cracking/movement, while neutrons expose
the Li intercalation and electrolyte consumption (Figure 2a). By
using a virtual electrode unrolling technique the electrode move-
ment and Li diffusion is better visualized. Advanced detectors
and instruments have enabled the first operando neutron CT
and quantification of the Li consumption from the Li-anode in
Li|SOCl2 cells with exposure times far below 1 h (Figure 2b).[35,36]

Neutron imaging is highly sensitive to hydrogen making it
a favorable technique to study the electrolyte decay visible as
gas bubbles. Using neutron radiography, different gel-type elec-
trolytes (e.g., polyvinylidene fluoride) could be characterized by
their percentage levels of evolved gas on the graphite electrode.[37]

The increased production of bubbles and channels indicates
gas evolution (Figure 2c). Moreover, gas evolution has been ef-
fectively characterized via a combination of neutron radiogra-
phy (in 2D) with differential electrochemical mass spectroscopy
(DEMS) and prompt gamma activation analysis.[38–40] Neutron
imaging studies of other working ions such as Zn+ are rare due
to the low sensitivity of the elements, but provides meaningful
results for the electrolyte distribution by due to H.[41,42] Neutron
diffraction has been used to study the structural evolution dur-
ing Li+ de-/intercalation in Li-ion electrodes, and can also be
combined with neutron imaging. A 3D diffraction technique was
developed to determine the homogeneity of the Li distribution
throughout spiral wound cells in terms of the lattice spacing (d)
change of the graphite within a gauge volume of several cubic-
millimeters.[43] Bragg edge neutron imaging can combine direct
probing of a sample in real space with the collection of structural
information from the active crystalline material at the microm-
eter length-scale.[44] It has been used to examine the lithiation
stages of graphite in a LIB pouch cell via analysis of the Bragg
edges, from the coherent scattered beam, over the neutron energy
spectrum.[45] Bragg edge tomography (3D spatially and energy re-
solved) has been demonstrated on ultra-thick, directional ice tem-
plated, graphite electrodes.[46] Energy resolved tomograms were
reconstructed from a set of energy-specific radiographic projec-
tions. The (hkl) Bragg edges for graphite were analyzed and the
phases reconstructed as 3D volumes (Figure 2d).

4. X-ray Imaging and Spectroscopy

X-rays predominantly interact with the electron cloud surround-
ing the atomic nucleus and for characterization, energies in the
range of 0.1–320 keV are typically employed. These elastic and
inelastic X-ray interactions can produce data on the material’s
macro-, micro-, nano-, crystal-, and electronic-structure, as well
as the chemical and elemental compositions. Moreover, spatially-
resolved information can be obtained across multiple dimen-
sions. 2D imaging involves either the full-field illumination of a
stationary sample or a raster by moving the sample relative to the
incident beam to generate a map. As for neutron CT 3D recon-
structions require 2D measurements from multiple (hundreds
to thousands) points of view to generate a CT image volume.[30]

2D imaging frame rates can vary from microseconds to minutes
enabling 4D imaging with 3D image frame rates running from
sub-second to hours.[47]

X-rays are often classified according to their source—
laboratory or synchrotron. Lab X-ray tubes produce character-
istic X-rays of specific energies in relation to the atomic num-
ber of the tube’s anode, along with a broad energy spectrum
of Bremsstrahlung X-rays. Synchrotron radiation is produced
by insertion devices (e.g., undulators) that alter the trajectory
of ultra-relativistic electrons, producing either broad or (essen-
tially) monochromatic beams of X-rays, depending upon the
beam refinement. Generally, lab-based X-ray sources are more
easily accessible, but have considerably lower brilliance, hence
have longer scanning times, prohibiting very high frame rate in
situ and operando studies. Moreover, beam refinement, for ex-
ample, collimation, energy filtering, etc., is also less common
due to the limited flux and broader beam energies. Although, de-
velopments in recent years have produced quasi-monochromatic
beams and the use of focusing optics such as zone-plates that
produce spatial resolutions comparable to equivalent set-ups at
synchrotrons.[48,49] Access to X-rays at international synchrotron
sources produce substantially higher data rates, enabling imag-
ing of rapid timescale phenomena, as well as allowing more
complex combinations of imaging, spectroscopy, and diffraction.
Many of these advanced techniques are enabled by the ability to
produce small beam sizes, for example, with sub-micron spot
sizes, and/or monochromatic incident X-ray energies, for exam-
ple, only X-rays with wavelengths within a particular range of
values.[47]

The X-ray source can illuminate the sample with a cone beam
(typical of lab sources) or a parallel beam (typical of synchrotron
sources). The great majority of X-ray imaging is based on beam
attenuation by a sample that is fully illuminated by the inci-
dent beam, with the transmitted beam interactions recorded
on a detector producing a radiograph projection (transmission
X-ray microscopy, TXM). For instance, 2D radiography has been

Copyright 2015, ACS. b) 7Li CSI of the pristine and the charged cell reveals the formation of Li microstructure on the negative electrode. Reproduced with
permission.[10] Copyright 2012, Springer Nature. c) Negative space images from 3D 1H MRI of Na before and after galvanic plating showing dendrite
grow. Reproduced with permission.[5] Copyright 2020, Nature Communications. d) Horizontal 1H MRI T1 maps of a full Zn-air cell containing 1 m NaOH
solution. The cell contains unconnected Ti and Zn stripes under constant load discharge at 12 kΩ, shown at different acquisition times and a reference
measurement. Reproduced with permission.[4] Copyright 2013, ACS. e) In situ spatial-spatial EPRI recorded in i) the pristine state and ii) after short
circuit, respectively. The intensity crossing the separator suggesting the location of dendritic Li after the short circuit. Reproduced with permission.[21]

Copyright 2021, Springer Nature.
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Figure 2. Neutron imaging. a) Orthogonal slices of neutron and X-ray CT scans of a CR2 Li|MnO2 primary cell, at different SoC, demonstrate the
complementarity of both kinds of rays. Neutrons unravel the electrochemical changes such as Li diffusion/consumption (yellow arrows) and electrolyte
consumption (purple), where X-rays visualize mainly structural changes such as cracking (orange) and movement (red) of the MnO2 electrode or high
attenuating metallic parts (green). A virtual electrode unrolling shows cut-outs of the unrolled multilayer electrode sections showing volume expansion
of MnO2 and electrode movement (right). Reproduced with permission.[34] Copyright 2020, Springer Nature. b) Lithium mass transport from the lithium
metal anode to the liquid thionyl chloride cathode of Li|SOCl2 ER14505M cell discharged with 100 mA as orthogonal slices from operando neutron CT,
alongside with the quantified lithium anode depletion. Reproduced with permission.[36] Copyright 2020, IOP. c) Neutron radiographs show the gas
evolution in a graphite|LiMn2O4 cell with EC:PC 2:3 1Mm LiClO4 electrolyte during the first charge from (i) to (iv). Reproduced with permission.[37]

Copyright 2004, Journal of Power Sources. d) Horizontal and vertical maps of the lithiation states graphite, LiC12, and LiC6 of an ice templated graphite
electrode at 33% SoC using neutron Bragg edge imaging. The 3D reconstructions indicate inhomogeneous phase distributions with the highest lithiation
degree close to the lithium-metal counter electrode. Reproduced according to the terms of the C-CBY license.[46] Copyright 2020, The authors, published
by MDPI.

Adv. Energy Mater. 2023, 13, 2300103 2300103 (6 of 20) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. X-ray imaging and mapping. a) Characterizing thermal runaway within an 18 650 Li-ion cell by inducing and monitoring internal short circuits.
3D illustration and time-stamped radiographs showing the predicted path of gas flow through the core of the cell, etc. Reproduced with permission.[50]

Copyright 2017, RSC. b) Synchrotron X-ray CT visualization of different internal structure and phase transformation kinetics in dense Sb-Ti particles.
Attenuation coefficient histogram show the density transformation from high to low and the mean attenuation coefficient of the CT is compared with that
of operando XRD for various SoC. Reproduced with permission.[67] Copyright 2015, Wiley-VCH. c) An example of advanced computational modelling
conducted on X-ray CT data, so-called image-based modelling. Simulated discharge of the reconstructed NMC111 cathode and an ideal lithium anode
(half-cell) at 5 C. Reproduced with permission.[83] Copyright 2020, Springer Nature. d) Charge distribution guided by crystallographic grain orientations
in polycrystalline NMC using XANES-CT. i–iii) 3D Ni valence state distribution, representative region from and 2D nano-domain valence gradient of
the rod-NMC. Reproduced with permission.[90] Copyright 2020, Springer Nature. e) In situ evolution of a NCA nano-particle during charging imaged
by BCDI. (i) and (ii) showing the displacement field and strain along the (001) direction. Reproduced with permission.[92] Copyright 2018, Springer
Nature. f) Quantifying the elemental ratio of Co, Ni, and Mn in seven single NMC811 particles that have been cycled to 4.5 V using XRF. Reproduced
with permission.[49] Copyright 2020, Wiley-VCH.

employed to study cylindrical and pouch[50–54] cells during abuse
testing. Moreover, by rotating the samples, time resolved 3D
analysis during cell cycling[55,56] and failure[50,57] (Figure 3a) have
been studied.

According to the available optics, the spatial resolution can
be varied from hundreds of microns to tens of nanometers al-
though the field of view tends to decrease in parallel from hun-
dreds of millimeters to tens of microns, respectively.[30] The 3D
features of various battery material and chemistries have been ex-
amined, from commercial standards such as graphite (Gr)[58,59] to

less-common alternatives such as LiVO2
[60] and Sn[61] Moreover,

the constituents of composite materials can be distinguished due
to their differing X-ray interactions, for example, LiCoO2 with
LiNi1/3Mn1/3Co1/3O2 (NMC111)[62] and even single particles of
NMC111, LiNi0.8Co0.15Al0.05O2 (NCA)[63] and LiNi0.8Mn0.1Co0.1O2
(NMC811) have been successfully identified.[64]

3D methods are particularly useful to study novel and com-
plex microstructures. For instance, sponges have been as-
sessed for Zn-based batteries,[65] hollow-carbon-sphere/MnOx
has been evaluated for Li-S batteries,[66] and Sb-Ti particles with

Adv. Energy Mater. 2023, 13, 2300103 2300103 (7 of 20) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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elevated internal porosities have demonstrated increased fracture
resilience,[67] see Figure 3b.

Some materials are known to undergo detrimental structural
changes during electrochemical operation, for instance Si under-
goes a significant volume expansion and contraction[68,69] and Li
metal dendrites that can grow under harsh conditions, visual-
ized in liquid (LiPF6),[70] and solid electrolytes.[71–73] It should be
noted that within degradation studies, which are often the focus
of many X-ray imaging investigations, when using synchrotrons
care must be taken during characterization to ensure that the
sample is not damaged via radiation exposure, for example, dete-
rioration of the carbon binder .[74] This can be achieved by mini-
mizing the dose and optimizing the incident beam energy. Imag-
ing light elements such as lithium is challenging due to the lack
of contrast produced through the weak X-ray attenuation, due to
the low number of electrons orbiting the small nuclei. However,
phase contrast can be used to enhance edge features, as demon-
strated on separators by Finegan et al.[75] but it can be advanta-
geous to combine complementary X-ray and neutron imaging to
explore very light elements such as H2/H+ or Li/Li+[34] because,
as discussed earlier, neutron scattering is dominated by nuclear
(as opposed to electron) interactions, providing excellent correla-
tive insight, see Figure 2a.

Studies linking across the various length scales of electro-
chemical cells are valuable but require multi-modal imaging and
various different sample preparation techniques.[76–79] Such rich
multidimensional datasets can be of great value to modelers and
experimentalists alike such that it is becoming increasingly more
common to release the raw data and procedures via open source
repositories and articles.[77,80–82] Such data can feed into highly
complex 3D models[82–87] providing unparalleled insight into the
electrochemistry at these very small scales, see Figure 3c. Addi-
tionally, ptychographic methods are also emerging as powerful
alternatives for high-resolution imaging.[88,89]

In addition to traditional X-ray CT imaging, it is possible to cre-
ate maps using the scattered signals or energy dependent absorp-
tion to reveal elemental distributions (by fluorescence), different
crystal structures (by diffraction), or charge states (by absorption).
For example, the use of multiple incident energies can allow the
oxidation state to be mapped in three dimensions via X-ray ab-
sorption near edge spectroscopy (XANES-CT); highly informative
for the design of guided charge distributions[90] (Figure 3d).

Bragg coherent X-ray Imaging (BCDI) can characterize
individual crystals, as demonstrated by the mapping of dis-
locations within LiNi0.5Mn1.5O4.[91] Li-rich layered oxides
Li1.2Ni0.13Mn0.53Co0.13O2

[92] (Figure 3e), and NMC811.[93] Hard
X-rays are used to study individual cathode grains as a function
of charge-state in an operando environment, such as a coin
cell. BCDI uses a coherent X-ray beam only available from
synchrotron sources and focuses it sufficiently so that only a few
grains in the electrode are illuminated. Bragg diffraction leads
to a peak which originates uniquely from an individual grain;
the X-ray coherence causes this peak to have fine structures
in the form of fringes, which can be measured and inverted
to images with a resolution approaching 20 nm. BCDI images
are complex with amplitude and phase information, seen in
Figure 3e, and contain novel information about crystal strain
in the phase channel, which is highly sensitive to the lattice
distortions associated with dis-/charging.

Moreover, X-ray diffraction CT (XRD-CT) has proven highly
valuable in mapping the crystallography throughout electrode
microstructures. For instance XRD-CT has revealed hetero-
geneities within LiMn2O4

[94] whereby differences in particle lithi-
ation have produced a variety of rock-salt, monoclinic and spinel
structures. The mapping of S-containing structures within Li-S
cells has permitted the proposal of kinetic laws that have been
derived from bulk electrode behaviors.[95]The charge-balancing
between Si and Gr within composite electrodes could be deter-
mined with XRD-CT by examining the kinetics minuets follow-
ing the transition from operation to open circuit.[96] As well as
short-term dynamics, long-duration changes have been explored,
for instance within NMC111[97] exposing possible mechanisms
for irretrievable capacity loss.

X-ray fluorescence CT can reveal the distribution of the con-
stituent elements which, when correlated to other techniques
such as TXM and XRD, can produce a comprehensive picture
of the material properties[49] (Figure 3f).

In summary X-ray imaging and related spectroscopy methods
have revolutionized our understanding of battery materials and
the most valuable of these studies are often cross-correlative in
nature, involving several complementary techniques often exam-
ining battery behavior in real time.

5. Electron and Focused Ion Beam Techniques

Being charged particles, electrons interact more strongly with
matter than neutrons and X-rays, providing significant contrast
through different modalities. However, only the near-surface re-
gion can be examined using an SEM at moderate energies (0.5–
30 keV) or within thin sections (50–300+ nm) using a TEM
at high energies (>30 keV). Electron images with resolutions
up to ≈1 nm can be formed via the collection of topography-
sensitive secondary electrons (SEs), or composition and crystal-
sensitive backscattered electrons.[98] Crystallographic informa-
tion can also be obtained by interpreting the diffraction (through
electron backscatter diffraction) of the scattered electrons while
chemical information can be added by detecting the emissions
of characteristic X-rays (through energy dispersive X-ray spec-
troscopy, EDS).[98,99] The principal advantage of thin TEM sam-
ples is that the greatly reduced beam-sample interaction vol-
ume facilitates pre-eminent, atomic-level static/dynamic compo-
sitional, and structural analysis in battery materials.[100] Typically,
2D image resolution is on the sub-Angstrom scale in aberration-
corrected scanning transmission electron microscopes (STEM),
with these microscopes simultaneously allowing chemical com-
ponents to be mapped by EDS and electron energy-loss spectrom-
etry (EELS) with atomic precision and sensitivity. By using in situ
or operando holders, time-resolved morphological and structural
changes can be characterized in a native environment under con-
trollable external biases—essentially a working nanobattery can
be constructed and studied inside the microscope. More recently,
cryogenic methodologies have been used to “freeze in place” spe-
cific time points in battery charging cycles to permit high reso-
lution analysis of the beam-sensitive reaction products that are
created. Currently, there are many attempts to improve the spa-
tial/temporal resolution and sensitivity of the analysis by using
4D-STEM (ptychography) methods.

Adv. Energy Mater. 2023, 13, 2300103 2300103 (8 of 20) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 2023, 23, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202300103 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [12/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

FIB and laser beam machining tools paired to SEMs[101] in dual
or tri-beam configurations allow the fabrication of site-specific
samples for TEM or the 3D analysis of materials by block face
serial sectioning tomography (SST) in the SEM[102–105] as shown
in Figure 4a.

Various battery processes, including changes in the SEI layer
and the formation of dendrites, can be studied using EM
techniques.[106,107] Ex situ SEM imaging (typically achieved via
interruption of charge/discharge cycles) has been performed on
a variety of battery types. For example, imaging of K-metal an-
odes revealed a mechanism of dendrite healing triggered by
self-heating[108] (Figure 4b). For aluminum battery anodes the
importance of an Al2O3 oxide layer in suppressing dendrite
formation was demonstrated[109] and for Zn batteries, dendrite
suppression via electrolytic additives was shown.[110] More re-
cently, in situ and operando SEM/TEM investigations have be-
come more common. Such methods require specialist (electron-
beam transparent) test environments but allow battery processes
to be observed “live” and without the risk of contamination
during transfer to the microscope. In situ/operando SEM/TEM
has been used to directly observe the evolution of SEI layers
and/or dendrites in various Li-based batteries, including all-
solid Li-metal|polymer batteries.[111,112] Li–SnO2

[113] batteries or
lithium plating/stripping experiments to study liquid electrolyte
additives to suppress dendrites such as LiNO3 and Li2S8

[114]

amongst others.[107] In situ/operando SEM/TEM has also been
used to observe the dissolution and redeposition of Li2S salt in
Li|Li2S–C cells, thereby identifying the type of encapsulating ma-
trix required to improve the performance of the Li2S cathode[115]

(Figure 4c).
Low temperature EM (achieved via LN2 cooling), known as

Cryo-SEM/TEM, can aid in the imaging of beam-sensitive or
moisture-containing samples. Thus, Li metal dendrites were
shown to be stable under exposure to a relatively high current
electron beam in cryo- conditions; allowing superior TEM and
SEM resolutions to be achieved.[116] Recently, the benefits of cryo-
genic FIB techniques for sensitive battery materials, such as Li,
has been highlighted[117,118] (Figure 4d). Ion implantation and
surface oxidation can be substantially reduced using Cryo-FIB
techniques, improving the quality of both extracted TEM samples
and the analyses conducted on (serially)-sectioned surfaces.[118]

As mentioned earlier, FIB sectioning can be combined with
SEM imaging and/or analysis techniques to perform targeted
2D investigations or 3D SST. For example, 2D investigations of
all-solid Li-metal-polymer batteries demonstrated that their den-
drites are hollow (≈100 nm wall thickness); with complemen-
tary chemical analysis suggesting reduction of the polymer elec-
trolyte during cycling[112] (Figure 4e). Similarly, sectioning of an
“isle” formed on an anode surface indicated the decomposition
of LiTFSI salt[111] Individual dendrites (from Zn[105,119] or Li[120]

electrodes) have been analyzed via 3D SST, with the images re-
vealing various aspects such as the shape, size, orientations,
roughness and connectivity of the dendrite branches. The Zn
electrode analysis in ref. [105] also revealed significant fracturing
of the (polypropylene) separator due to dendritic growth within
its micropores. Despite the distinct morphology of these den-
drites, connectivity with the surface dendrites was revealed in
some cases (Figure 4a), which may indicate that these deposits
can act as surface-nucleation sites once the micropores are filled.

A similar study on a Li-rich NMC electrode also revealed frac-
turing after cycling, due to expansion/contraction of the primary
NMC particles due to de-/lithiation (Figure 4f).[121] Studies such
as these highlight the potential of SST to reveal the mechanisms
of battery degradation. It is likely that greater adoption of SST
techniques will yield further insights into battery degradation
mechanisms, particularly where multiple SEM modalities are uti-
lized. More advanced sectioning methods, such as Xe+ Plasma-
FIB (P-FIB) or femtosecond (fs) -laser systems[122,123] have the
potential to substantially increase SST volumes whilst simulta-
neously improving the quality of the cut surfaces[103,104] (the un-
suitability of mechanical preparation for delicate Li dendrites has
been noted previously[105]). The benefits of large-volume, multi-
modal SST, and the potential to correlate the results with other
investigations, have been described in detail elsewhere.[103,124]

Some of the earliest uses of TEM methods to study battery
systems involve ex situ high angle annular dark field (HAADF)
STEM, with images clearly showing phase transformations
and structural changes in for example, the LiNi0.8Mn0.1Co0.1O2
(NMC811) cathode material for LIB.[125] In these results, the pris-
tine NMC811 has a layered rhombohedral R3̄m structure, indi-
cated by the d-spacing of the (003) plane (Figure 5a). After cycling,
the aged NMC811 nanoparticles show both the open channel and
the rock-salt reconstruction near the surface, which can be dis-
cerned by the difference in d-spacing. Besides shedding light on
the degradation mechanisms of cathode materials[125,126] these
STEM methods provide an important and irreplaceable ex situ
characterization tool for other battery components, including the
anode,[127,128] electrolyte,[129] etc.

In addition, to extensive ex situ characterization of pristine and
post cycling battery components, in situ and operando TEM has
been widely used in characterizing the changes of battery mate-
rials upon external biases in their native environment. Generally,
liquid cell[130–132] (Figure 5b), open cell,[133–136] and environmen-
tal cell[137,138] (Figure 5c) have been used for different types of bat-
teries. For example, Li deposition and dissolution was studied by
using an operando liquid cell for Li based batteries, such as LIB,
lithium–sulfur (Li–S), and lithium–air (Li–O2).[130,131] The liquid
cell is an electrochemical three/four electrode system to study
battery materials in their native state, as all the battery compo-
nents can be studied in their electrolyte solution (as, in commer-
cial cells) (Figure 5b). HAADF images (Figure 5d) show the first
three cycles of the Li deposition and dissolution processes, where
dead Li can be clearly seen at the end of each cycle and SEI layer
can be identified at the surface of electrode. The cyclic voltam-
metry, volume change of the deposited Li, and thickness change
of SEI layer can also be quantitatively recorded and correlated di-
rectly with structural/compositional changes (Figure 5e).

Compared with the liquid cell, the open and environment cells
(Figure 5c) maintain the intrinsic high resolution of TEM.[133]

By combining the open cell and an environmental cell, it was
found that the oxygen-reduction reaction on a carbon nanotube
cathode initially produces LiO2, which later disproportionate into
Li2O2 and O2 for a Li–O2 battery (Figure 5f).[137] By using this en-
vironmental cell, the cathode–air interfacial reaction was found
to be driven by the Li-water interaction.[138] Among all the com-
ponents of air, the water vapor is the only active one which
triggers the delithiation process and the formation of LiOH
layer (Figure 5g). The growth of a passivation layer stops at a
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Figure 4. Scanning electron microscopy. a) Zinc dendrite growing shown by FIB-SEM. i–iii) Deposited dendrites, cross-sectional view, 3D reconstruction
of single dendrite, and iv) separator torn by dendrites. Reproduced with permission.[105] Copyright 2019, Elsevier. b) Dendrite formation on a K-metal
electrode at i,ii) low current density (≈0.5 mA cm−2) and iii,iv) healing with bursts of high current (≈2 mA cm−2). Reproduced with permission.[108]

Copyright 2020, NAS. c) Synthesis and characterization of highly nitridated graphene (HNG) -Li2S nanocomposite. i) Schematic illustration showing the
preparation of the composite. ii) Low- and high-magnification SEM images of the HNG-L2S3 composite, showing the layer-like Li2S3 coating on HNG.
iii) HNG-Li2S composite, showing Li2S islands distribution on HNG. Reproduced with permission.[115] Copyright 2015, Wiley-VCH. d) Comparison
of preparing cross-section of commercial Li-metal foil using SEM images and EDS mapping. i,ii) Cross-sectioned and cleaned at room temperature,
iii,iv) cross-sectioned at room temperature and cleaned at cryogenic temperature, and v,vi) cross-sectioned and cleaned at cryogenic temperature.
Reproduced with permission.[117] Copyright 2019, ACS. e) SEM images display i) dendrite needle at the edge of a Li anode, ii) removed needle by the
nanomanipulator, iii) FIB milled dendrite showing hollow morphology, and iv) wall thickness of the dendrite. Reproduced with permission.[112] Copyright
2018, ACS. f) SEM Cross-sections of Li-rich NMC at different cycling stages. Comparison show microscopic damage mechanisms such as internal
particle voiding, cracking, exfoliation, and flaking of active material from surface of secondary particles. Reproduced with permission.[121] Copyright 2015,
RSC.
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critical thickness and the growth rate is dependent on the nickel
(Ni) concentration. Furthermore, the presence of CO2 can dam-
age the LiOH passivation layer, leading to the formation of dis-
crete islands of Li2CO3. Such a passivation layer was found to
be self-healed after electron beam damage, and a certain thick-
ness of disordered rock-salt layer can prevent the LiOH layer from
growing.

The chemical changes at the electrode/electrolyte interface for
all-solid-state batteries have been characterized by in situ STEM
coupled with EELS.[139,140] Using a Si|LiPON|LiCoO2 thin film
battery, a disordered interfacial layer (between the white and
black dashed lines) forms between the LiCoO2 (LCO) cathode (be-
low the black dashed line) and LiPON electrolyte (above the white
dashed line) as shown in Figure 6a. As indicated by the low loss
EELS with Li K-edge concentration mapping, both the ex situ and
in situ sample has more significant integrated intensity in the
disordered LCO interfacial layer than that in the pristine sample.
Further high loss EELS data shows that Li accumulates and the
LCO evolves to rock-salt CoO after cycling.[139]

The in situ and operando TEM cells were used to study
the mono- and multivalent ion batteries, including sodium
(Na),[141–143] potassium (K),[144] and magnesium (Mg)[145] batter-
ies. Zhu et al.[141] studied the Na ionic transport between differ-
ent few-layer phosphorene nanosheets by using an in situ open
cell. Besides the volume change during Na alloying and dealloy-
ing, the Na transport kinetics was found to be dependent on the
contact orientation between adjacent nanosheets. The real-time
high-resolution TEM and FFT images demonstrate the forma-
tion of multiple phases and the stripe-like sodium transport path-
way upon Na insertion (Figure 6b). In addition to phosphorene,
carbon nanofiber (CNF) was studied for Na plating/stripping by
using an in situ open cell.[142] Zeng et al.[143] reported that the
Na electrodeposition depends on the surface roughness and SEI
thickness, and relatively large Na grains prefer to deposit on
the flatter electrode surface by using in situ liquid cell. In situ
open cell was used to study the potassiation/depotassiation pro-
cesses of yolk-shell CNFs coated antimony (Sb@CNFs) electrode
materials.[144] HAADF STEM and EDS mapping clearly show the
structure of Sb yolk and CNF shell (Figure 6c). Upon in situ cy-
cling, a significant volume change was measured by the in situ
open cell (Figure 6d). In situ liquid cell showed that the deposi-
tion of hexacoordinated organometallic Mg compounds leads to
the irreversible Mg electrodeposition for Mg ion batteries.[145]

Cyro-TEM is now becoming widely used to image beam-
sensitive battery materials.[116,120] Li et al.[116] took the atomic
scale TEM image of the Li dendrite. It was found that the growth
direction of Li dendrite can change at kinks without any observ-
able crystal defects (Figure 6e). Such defect-free transition could

be due to the variation of the SEI composition and/or structure
during Li dendrite growth. In addition to the dendrite growth,
cyro-TEM provides the direct visualization of SEI (Figure 6e).
The widely used carbonate-based electrolyte ethylene carbonate-
diethyl carbonate shows a mosaic-type structure, in which in-
organic components Li oxide and Li carbonate are dispersed in
the amorphous phase. In contrast, a more ordered multilayer-
type SEI layer (not shown here) forms for the carbon-based elec-
trolyte with 10 vol% fluoroethylene carbonate. The large grains
(≈15 nm) of Li oxide form on top of the amorphous polymer
matrix.

Under normal conditions, it is difficult to image battery ma-
terials with atomic resolution. For the electrochemically cycled
materials, it is even more difficult because of the phase trans-
formation and misorientation. Therefore, 4D-STEM (2D conver-
gent beam electron diffraction patterns at each point in a 2D
STEM raster) or ptychography has been used to image light
elements, such as Li, in electrode materials.[146,147] By using
a pixelated detector, selecting specific angular regions in the
diffraction patterns and calculating virtual annular bright-field
images, the contrast of the Li atoms in active electrode materi-
als was significantly improved (Figure 6f). The annular bright
field (ABF) imaging reveals good sensitivity to Li and O atoms for
small specimen thickness. The enhanced ABF was demonstrated
to significantly improve the experimental contrast of light ele-
ments for larger specimen thicknesses. By using this technique,
a gradual transformation from layered to rock-salt phase was
observed.

Some future directions are worthy of further study for exten-
sive and deep application of SEM/TEM in battery science and
technology. First, beam damage has been a concern especially for
the beam-sensitive battery materials or under long-time exposure
conditions (e.g., in situ experiments). Subsampling, which is an
effective experimental approach for random sparse sampling in
STEM and in-painting image reconstruction, has been used to re-
duce the electron dose/dose-rate, increase the image frame rate,
and therefore decrease the beam damage.[148,149] Compressive
sensing, which compresses the signal during measurement and
accurately recovers it later in software, can be used to increase
the frame rate of camera for in situ experiments.[150] Second, new
holders are being developed to carry out in situ experiments with
multiple external biases and controlled environments. For exam-
ple, the mechanical properties of Li dendrite was studied by an
atomic force microscope—environmental TEM holder.[151,152] Be-
sides, other than the types of batteries mentioned above, more
batteries can be studied through ex situ and in situ TEM stud-
ies, including but not limited to nickel-, zinc-, aluminum-based
batteries, flow batteries, etc.

Figure 5. Transmission electron microscopy. a) High-resolution DF STEM images of pristine NMC811, aged NMC with open Li transport channels,
and aged NMC with a rock-salt surface reconstruction layer along the[100] zone axis of the layered rhombohedral R3̄m structure. Reproduced with
permission.[125] Copyright 2021, Journal of Materials Chemistry A. b) Schematic of an in situ liquid cell. Reproduced according to the terms of the
C-CBY license.[130] Copyright 2016, The authors, published by Springer Nature. c) Schematic of an in situ open and environment cell. Reproduced with
permission.[137] Copyright 2017, Nature Nanotechnology. d) i–iii) HAADF STEM images of Li deposition and dissolution cycles at the interface between
electrode and electrolyte and e) i) the plots of the CVs, ii) the volume change of Li deposited, and iii) the thickness change of SEI layer for the first three
cycles. Reproduced with permission.[131] Copyright 2015, ACS. f) The time-resolved HAADF STEM images illustrating the morphological evolution of
the discharge and charge processes for a Li-O2 nanobattery in an environment open cell. Reproduced with permission.[137] Copyright 2017, Springer
Nature. g) HRTEM images showing the delithiation caused by each air component (i–iv) N2, O2, CO2, and water vapor) in the NMC811. Reproduced
with permission.[138] Copyright 2020, Springer Nature.
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6. Emerging Trends

6.1. Correlative Imaging

In many cases, a single imaging technique is not sufficient to
gain a sufficient picture of specific behaviors or connections in-
side electrodes or battery ensembles (see graphical abstract). Con-
sequently, there is a movement toward coupling several char-
acterization techniques in a correlative workflow, for example,
using multiple microscopy techniques to link information across
a range of length scales or combining multiple modalities such
as imaging, diffraction, and scattering to provide complementary
structural, crystallographic, and elemental information.[153] This
allows a much richer understanding of damage mechanisms or
performance attributes.[153] Furthermore, correlative workflows
enable a region of interest (e.g., a defective region) to be identi-
fied at a coarse length scale, or identified at one point in time,
with one modality (e.g., X-ray CT) to be located and excised (by
FIB) for higher resolution imaging or analysis by another (e.g.,
serial section tomography in the SEM or TEM examination).

Correlative imaging across several length scales from the milli-
to the nanometer range has been used to study Li-ion com-
posite electrodes combining non-destructive X-ray micro-/nano-
scopy in combination with destructive FIB-SEM imaging in 2
and 3D. Several studies demonstrate that a combination of the
techniques can directly characterize the CBD and determine
the effective transport properties in different electrode materi-
als including LiMn2O4 (LMO),[154] NCA,[79] or NMC.[48] Typi-
cally, small volumes are selected as a region of interest from
3D X-ray nano CT or physically isolated using FIB-SEM mi-
croscopy providing a measurement of porosity which enables
the analysis of the diffusivity and tortuosity by segmenting the
active material, CBD, and voids. The combination of electron
microscopy with X-ray micro-CT allows the determination of
a multi-length scale ensemble where the tortuosity factor pro-
vides the basis for transport simulations. Moreover, multiscale
X-ray CT has been used to detect and quantify defect particles
in pristine NMC811 where low resolution imaging presents an
overview to improve material statistics, and high resolution re-
veals crack morphologies.[49,34–36]Multi-modal, correlative imag-
ing can link imaging data with a wide range of secondary char-
acterization tools including acoustic time-of-flight spectroscopy
combined with X-ray micro-CT, for studies of internal mechani-
cal deformation and gas-induced degradation in LIBs.[155] Thus, a
combination from radiographical imaging with electrochemical
impedance spectroscopy allow the quantitative mapping of gas
evolution resulting from electrolyte decay as shown from Micha-
lak et al.[39] using neutron radiography and DEMS. Further, the
combination of “bulk” and surface sensitive tools can reveal the

interparticle ionic transport from Li poor toward Li-rich particles
in LFP electrodes using scanning-TXM combined with XANES
and X-ray photoemission electron microscopy.[156] More com-
plex studies using multiple advanced characterization techniques
such as shown by Xu et al.[125] studying structural driven degra-
dation mechanism during aging of Ni-rich NMC811. Operando
synchrotron-XRD in combination with ex situ NMR and STEM
and others was used to a new fatigued phase as a function of cy-
cle number. XRD shows the increase of fatigued states during
increasing cycling number, 7Li NMR showed the change of lo-
cal structure and slight Li-ion mobility decrease for aged sam-
ples and STEM provided the evidence of structural changes on
the crystal surface.

6.2. Computational Imaging and Machine Learning

A key task for many imaging modalities, including CT, MRI,
and STEM, is image reconstruction often from noisy or incom-
plete data. In this respect “compressed sensing” techniques are
key, where the aim is to compute a faithful image from as lit-
tle data as possible. It is crucial when performing 3D or in
situ/operando measurements in cases where the phenomena oc-
cur over timescales that limit the amount of signal or the num-
ber of projections that can be collected, or when low-dose imag-
ing is required to limit damage to beam-sensitive samples. These
can lead to artefacts in both X-ray CT and MRI, and in the latter
case noise levels may be limiting when imaging certain chem-
ical species such as Li. In such cases one often makes use of
the fact that raw images typically have some degree of sparsity
and this assumption may be encoded in a variational regulariza-
tion framework, in which the desired sparsity of the image re-
construction is promoted through the use of a “regularizer” (e.g.,
“l1,” “TV”).[157] This model-driven approach, in addition to hav-
ing “stability” guarantees, is highly versatile and modular, affords
full control over data fidelity and is not reliant on the availability
of a large reference dataset. Applications include artefact removal
in X-ray CT[158] and undersampled MRI[159] and the processing of
low-dose STEM.[160]

Using variational approaches, a number of parameters, such
as the regularization parameter, may be selected. Instead of
choosing these manually, a supervised machine learning (ML) so-
lution known as “bi-level learning” can be used.[161] Using such
a scheme one can even learn an optimized sampling strategy to
speed up data acquisition in medical MRI[162] and STEM[148,163]

(Figure 7a). Data-driven approaches to image processing, more
generally, have the potential to yield higher-quality reconstruc-
tions through adaptivity to the data, but at the possible cost
of loss of generalizability and interpretability. Applications of

Figure 6. Transmission electron microscopy. a) HAADF STEM images of i) the all-solid-state nanobattery along with Li K-edge concentration mapping
and ii) spectra from various parts of the layers of the pristine, ex situ and in situ samples. Reproduced with permission.[139] Copyright 2016, ACS. b) i–iv)
Time-resolved HRTEM images and v–ix) enlarged HRTEM images with the corresponding FFT patterns showing the structural evolution of few-layer
phosphorene during interfacial sodium transport. Reproduced with permission.[141] Copyright 2019,Wiley-VCH. c) HAADF STEM and element mapping
images of Sb@CNFs and d) time-resolved TEM images showing the Sb@CNFs at the pristine state, after first potassiation and after first depotassiation.
Reproduced with permission.[144] Copyright 2020, Wiley-VCH. e) i–iv) TEM images and schematic of the kinked Li metal dendrite that changes from
<211> to <110> and back to <211> growth direction. v–viii) TEM images and schematics showing the SEI interfaces with mosaic-type model and
multilayer model. Reproduced with permission.[116] Copyright 2017, Science. f) High-resolution HAADF, ABF, and eABF images of LNO viewed along
the[100] orientation. The green- and red-bordered insets are averaged experimental and simulated images, respectively. Reproduced with permission.[146]

Copyright 2020, Wiley-VCH.
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Figure 7. Reconstructions exploiting machine learning. a) STEM data; a1) fully-sampled STEM image of NITiO3 microstructure, a2) reconstruction from
low-dose STEM, a3) reconstruction using a machine-learning method. Reproduced with permission.[148] Copyright 2016, AIP. b) X-ray CT data; b1) image
from fully-sampled data, b2) reconstruction from limited-angle data using FBP, b3) reconstruction using machine-learning-based method. Reproduced
with permission.[169] Copyright 2019, Inverse Problems. c) MRI data; c1) image from fully-sampled data, c2) reconstruction using Fourier inverse,
c3) reconstruction using a guided method. Reproduced with permission.[172] Copyright 2016, SIAM.

deep convolutional neural networks include i) directly learning
the mapping from data to reconstructions,[164] ii) unrolled al-
gorithms as NN architectures,[165] and iii) post-processing for
artefact removal.[166] Many cutting-edge “hybrid” techniques aim
to take the best from both model-driven and data-driven ap-
proaches, see ref. [167] for a review. Such techniques have been
successfully applied, for instance, to PAT[168] and to limited-angle
CT[169,170] (Figure 7b).

Although the above-described frameworks are powerful ap-
proaches to single-modality processing, when one has multi-
modal data, it is of course desirable to exploit their correlations
during processing. For example, CT, MRI, and STEM are com-
plementary to one another in the sense that they naturally probe
different length-scales and have varying material sensitivity. One
could therefore seek a best-of-all-worlds reconstruction by “fus-
ing” images from disparate modalities. In particular, in “guided
processing” one aims to exploit a high-quality correlated guide
image in the processing of lower-quality target data[171–173] (Fig-
ure 7c). We highlight that these techniques can be extended to
be robust to mis-registration of the guide and target data, which

is especially pertinent when the data is obtained through multi-
ple experiments of different contrast and resolution and possi-
ble artefacts.[174] Related to this is the more difficult problem of
“synergistic” reconstruction; that is to say, simultaneous image
reconstruction from multi-modality data.[175]

The field of dynamic imaging[176] has promising potential
in in situ/operando applications. Here, the rate of the physical
processes under investigation imposes strict requirements on
the data sampling rate needed, often leading to low-resolution
or noisy data. In this case, the data may be more effectively
processed by exploiting time-spatial correlations via “low-rank”
methods[177] or via temporal models.[178] As a special case of the
latter, one can enforce the conformance of the image reconstruc-
tions to some fixed physical model, for example, a model for den-
drite growth.

Finally, we note that although we have only touched here on
image reconstruction, ML techniques have also been successfully
applied to relevant problems in data analysis such as the auto-
matic identification of fractures in electrode materials[179] and of
dendrites.[180] It is clear that the applications of computational

Adv. Energy Mater. 2023, 13, 2300103 2300103 (15 of 20) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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science and ML in battery science (and materials science, more
broadly) are manifold and poised for rapid development in com-
ing years. Beyond this, real-time data analysis and ML feedback
may even inform acquisition, to maximize the collection of “use-
ful” data, which is particularly important during time-sensitive
experiments such as those conducted at particle accelerators.

7. Conclusion and Future Opportunities

We have presented a concise summary of the applications of
multi-modal and multi-scale imaging and its application to ad-
vanced batteries, as well as perspectives on the growing impor-
tance of correlative imaging and ML to provide and combine al-
ternative contrast modes, and to optimize collection protocols to
maximize throughput and signal-to-noise ration. Next, we will
consider future challenges and opportunities for the field and
provide an opinion on the central role of these characterization
tools to advancing the progress of energy storage materials, and
functional materials more widely.

Batteries, of almost every type, rely on complex porous elec-
trodes to support the electrochemical reactions, electron and ion
transport to provide their energy storage capacity; from a micro-
scopist’s perspective, they provide almost unparalleled interest
in respect of the hierarchy of structure, and the range of ma-
terials involved. From nano-scale interfaces,[125] to device level
architecture,[34,55] spanning gaseous species from electrolyte de-
composition, to low-Z Li metal electrodes, organic anodes, inor-
ganic cathodes, and a range of structural materials.

The microscopy toolbox at the general disposal of the bat-
tery community provides unparalleled opportunities for the col-
lection of rich data sets which combine micro-structure, chem-
istry and crystallography, and the increasing movement toward
in situ and operando approaches presents unique insights and
challenges, not least in the ability to effectively interpret and ana-
lyze the large quantities of available data, and synthesize this into
rational design criteria to improve electrode design. More than a
decade after the first micron-scale tomographic experiments on
battery electrodes, there remains an open question on what con-
stitutes a “good microstructure”? Naturally, there is no universal
answer to this, and the design of battery materials is tailored to-
ward application criteria which may favor energy or power den-
sity, safety, durability, or cost. Critically, microscopy tools such
as those presented here, allow the battery designer to effectively
navigate this complex space, and in concert with advanced mod-
elling tools (see, e.g., Xu et al.[181]), to under-take sophisticated
multi-parameter optimization.[182]

With the benefit of this toolbox, it is increasingly possible to
intelligently iterate potential designs (both experimentally and in
silico) such that optimized designs can be more rapidly achieved.
This approach is also attractive for the evaluation of novel elec-
trode processing routes, such as directional ice templating,[46,183]

magnetic alignment,[184,185] and spray deposition.[186] At the
cell manufacturing level, the emerging opportunities for high
throughput X-ray tomography provides a compelling opportu-
nity to integrate these tools in metrology and quality control
strategies.[187] More widely, the largely “chemistry agnostic” na-
ture of the microscopy and modelling tools presented provides
a compelling opportunity to facilitate the commercialization of
a host of next generation battery chemistries (LiS, Na-ion, SSB,

etc.). Consequently, their deployment can be accelerated com-
pared with Li-ion and other more traditional chemistries where
the more limited suite of contemporary microscopy tools re-
stricted their development to principally empirical means.

Provided that any damage of the sample can be mitigated
during acquisition[74,148,149] operando investigations can not only
provide a view of the working environment of an operating
battery, but also time resolved data describing microstructural
evolution; such ‘4 Dimensional’ studies (3D in space + time) are
now well established and additional “dimensionality” for example
by the addition of chemical or crystallographic information are
increasingly commonplace. The opportunity therefore exists not
only to understand electrode materials in the “as-designed” state,
but also to observe (and ultimately predict) how a given material
will evolve. Whilst the microscopy tools provide the means to
visualize these changes, tandem developments in algorithms to
interpret this “time-lapse” data are required. Moreover,
in combination with appropriately designed accelerated
stress tests, these advanced microscopy and analysis tools
may provide a “crystal ball” to examine how cells re-
spond to varying external stimuli, and afford the bat-
tery designer a perspective on cell durability, degradation,
and failure. Tensioning the numerous requirements for
batteries across a spectrum of applications (cost, lifetime,
rate, energy density, safety, etc.) is a widely acknowledged chal-
lenge, and on which can be more readily addressed with input
from these advanced characterization tools.

Finally, in the context of their growing importance, we should
consider the expanding requirements for accessing these tools:
the portfolio of microscopy tools considered requires not only ex-
tensive capital investment but also extensive expertise spanning
instrument development, in situ environments, and advanced
analysis. The democratization of access to service the scientific
community, alongside parallel developments in sample through-
put and automation to service industrial research is required.
Examples from the application of advanced microscopy tools in
semi-conductor fabrication may serve as useful precedents in this
respect.

In conclusion, developments in advanced microscopy tools
(and associated analysis) are continuing at pace, and the energy
storage community is well equipped with a toolbox to improve
fundamental understanding of materials properties, and to en-
hance design and optimization of materials and devices. Trends
toward correlative microscopy are paying dividends in the rich
information now obtainable which span length scales and myr-
iad probes and contrast generation mechanisms. Similarly, the
ability to undertake time-lapse and operando imaging increas-
ingly extends investigations into the time domain, where multi-
dimensional imaging is poised to make substantial contributions
to the development and deployment of next generation materi-
als spanning a host of disciplines, not limited to energy storage,
but spanning a range of fields including catalytic and functional
materials, bio-materials, additive manufacturing, metallurgy, and
corrosion.
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