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Abstract 

Rechargeable ion batteries are efficient energy storage devices widely employed in portable to

large-scale  applications  such as  electric  vehicles  and grids.  Electrochemical  reactions  within

batteries are complex phenomena and they are strongly dependent on the battery materials and

systems used. These electrochemical reactions often include detrimental irreversible reactions at

various  length  scales  from atomic-  to  macro-scales,  which  ultimately  determine  the  overall

electrochemical behavior of the system. Understanding such reaction mechanisms is a critical

component  to  improve battery performance.  To help this  effort,  this  review article  discusses

recent advances and remaining challenges in both computational and experimental approaches to

better understand dynamic electrochemical reactions in batteries across multiple length scales.

Important related findings from this focus issue will also be highlighted. The aim of our focus

issue is to contribute to the battery community towards having better understanding of complex

reactions  occurring  in  battery  devices  and  of  computational  and  experimental  methods  to

investigate them. 



Introduction

Decarbonization and electrification are becoming priority topics in the modern society because of

the growing concern on the global climate crisis, resulting from significantly increasing energy

consumption. The U. S. targets to address the climate crisis by achieving net-zero emissions of

carbon dioxide (CO2) by 2050.1,  2 Electrochemical energy storage is one of the most efficient

ways to utilize renewable energy sources, e.g., solar, wind and geothermal energy.3 Lithium (Li)-

ion batteries  (LIBs)  have been successful  to  electrify  portable  devices  because of  their  high

energy density, and now their applications expand to larger scales such as electric vehicles and

grids. For those large scale applications, the U. S. Department of Energy (DOE) established an

important target, the Long Duration Storage Shot, to reduce the cost of grid-scale energy storage

by 90% for systems that deliver more than 10 hours of duration within a decade.1 In this respect,

beyond  LIB technologies,  such  as  sodium (Na)-,  potassium (K)-,  and  magnesium (Mg)-ion

batteries, have been considered as alternative energy storage systems because they are based on

abundant elements, including intercalation ions (Na, K, and Mg) and redox active elements (Co-

and Ni-free cathodes).4-7 A recent  review article  in  our  focus  issue provides  an overview of

positive electrode materials development for Na-ion batteries, particularly focusing on polyanion

compounds.8

Electrochemical reactions within batteries are complicated phenomena that strongly depend on

the battery materials and systems considered. They often include undesired irreversible reactions

at different length scales, spanning from atomic- to macro-scales, which significantly affect their

overall performance and cycle life. For example, in layered oxide cathodes, an irreversible phase

transition  to  a  spinel-like  or  disordered  rock-salt  phase  at  the  surface  during  high  voltage

charging hinders the transport of Li ions, thereby increasing the impedance of the battery cell.9-11

Often, irreversible oxygen (O2) evolution from the cathode lattice or CO2 evolution by electrolyte

decomposition degrades the cycling stability  of the battery.12,  13 In classical  liquid electrolyte



systems, and even more so in solid-state battery systems, the formation of stable interphases

between both cathode/electrolyte and anode/electrolyte during charging-discharging cycles is a

key challenge to overcome.4, 14-16 Therefore, understanding electrochemical reaction mechanisms,

whether reversible desired ones or irreversible parasitic ones, is a critical component to improve

battery performance. This includes determining materials degradation mechanisms occurring in

parallel  to  such  reactions.  Understanding  such  performance  degradation  mechanisms  will

provide insights on how to mitigate them. In this respect, both computational approaches and

experimental  characterization  have  been  playing  crucial  and  complementary  roles.  Figure  1

provides  an  overview  of  the  computational  methods  and  experimental  characterization

techniques with different length scales used to understand electrochemical reaction mechanisms

occurring in battery materials and devices.  

In  this  review  article,  we  will  discuss  recent  progress  in  computations  and  experimental

characterization techniques to understand electrochemical reaction mechanisms in rechargeable

batteries.  First,  we will  present  how multi-scale  modeling  and  simulations  are  employed  to

understand the functionality of battery materials and the related electrochemical reactions. We

will also update recent progress in machine learning techniques to help materials design. Then,

we will discuss the characterization techniques for rechargeable batteries across various length

scales. Both  operando and  ex situ characterization techniques will be considered. We will use

case  studies  to  illustrate  how  these  advanced  computational  and  experimental  techniques

improve the fundamental  understanding of electrochemical reaction mechanisms in LIBs and

beyond  LIBs.  Challenges  in  each  technique  will  also  be  briefly  discussed.  Finally,  we  will

provide perspectives on how further development of advanced computations and experimental

characterization techniques can accelerate materials evolution for high-performance batteries.   



      

Figure  1.  A  schematic  of  the  computational  methods  and  experimental  characterization

techniques with different length scales to understand electrochemical reaction mechanisms. 

Progress in Computations

The advancement of cost-effective rechargeable batteries requires modeling aid and ability to

leverage the ever-increasing amount of available computational and experimental data. Current

in silico research is very much focused on establishing multiscale modeling frameworks to cover

all aspects of the development process, from the design of single material components up to full

scale  device  functioning  optimization.  The  ultimate  space-time  resolution  in  computational

materials science and engineering is afforded by ab initio quantum mechanical (QM) approaches,

usually within the Density Functional Theory (DFT). By accessing the electronic structure of

materials, QM methods enable both the prediction of materials' properties and the fundamental

understanding  of  their  complex  mechanisms  of  functioning.  Indeed,  the  latest  example  is

represented by the DFT work of Fasulo et al.17, published in this focus issue, where electric field

polarization effects on TiO2 nanoparticles are shown to favor reversible Na uptake at the (001)

surface. 



On the other hand, meso- to macroscopic bodies are the domain of continuum mechanics, where

differentiability in space and time is assumed for all relevant physical variables and generally

pursued by combining finite elements analyses with variational methods. Continuum mechanics

models  are  an  essential  tool  for  elucidating  factors  limiting  the  battery  cycle-life  (including

dendrites  growth,  microstructural  degradation,  and fracture  propagation),  and for  optimizing

device performance. For instance, discrete elements modeling of cathode composites in solid-

state batteries has unveiled the possibility of achieving high cathode loading by controlling the

size ratio between active material and conductor particles.18 In addition, in this focus issue, the

review article by Sun et al. provides an overview of phase-field modeling in battery systems.19 

For closer examinations  on the state-of-the-art  of both atomistic  and continuum modeling of

materials  for  battery  research  and  their  applications,  the  reader  is  referred  to  the  numerous

comprehensive and up-to-date reviews available on the subject.20-23 In the following, we will

rather dwell on the discussion of computational methods with the potential of bridging the gap

between such two extremes of the space-time scale and of facilitating the transfer of relevant

knowledge or parameters from one scale to another.

Li-ion diffusion is a major factor that determines the kinetics of the charge/discharge process of

electrode materials for LIBs. Therefore, it has been investigated using computational methods at

various scales.24-34 The nudged elastic band (NEB) method with first-principles DFT calculation

has been used to predict the minimum energy path and transition-state energy of Li-ion diffusion

at  atomistic  scale.35 For  example,  Morgan  et  al. reported  NEB activation  barriers  for  Li-ion

diffusion in olivine-LiMPO4 (M = Mn, Fe, Co, Ni).24 They calculated activation barriers along

various directions in LiMPO4 structures and showed that the barrier along direction [010] (100-

300 meV) is much lower than those along other directions (>1000 meV), which is in line with

results  obtained by Molecular  Dynamics  (MD) simulation  with interatomic  potentials.25 This

reveals that olivine LiMPO4 cathodes have a one-dimensional Li-ion migration channel along

[010]  (Figure  2a),  experimentally  validated  by  combining  high-temperature  powder  neutron

diffraction and the maximum entropy method.36 This channel can be blocked by Li/transition

metal (TM) anti-site defects, which involve Li and TM cation mixings at M1 and M2 sites. The

formation  energy  of  the  anti-site  defect  in  LiFePO4 is  ~550  meV,  estimated  with  DFT



calculation,  which  agrees  with  experimental  observations  on  samples  with  0.1~8%  defects

depending on the synthetic condition.32 TM in the lithium site blocks the lithium migration along

the [010] direction and lithium cannot detour through other directions as the barriers are very

high along other directions, making all Li-ions between defects along the channel inactive. 

Atomistic  modeling  on  the  diffusion  barriers  and  the  anti-site  defect  formation  energy  can

explain  how  Li-ions  are  blocked  by  the  defect  in  LiFePO4 qualitatively,  but  it  cannot

quantitatively explain how many lithium ions are blocked in the LiFePO4 particle. Malik et al.

investigated  the  mean  fraction  of  unblocked  lithium capacity  with  the  particle  size  and  the

concentration  of  anti-site  defects  at  macro-scale  using  a  simple  probabilistic  model.32 They

assumed that the anti-site defects are created with a Poisson process and located uniformly in the

Li-ion channel. As all lithium located between two defects in the same Li-ion diffusion channel

is blocked, they count it as a blocked capacity. Figure 2b shows the mean fraction of unblocked

capacity as a function of Li-ion channel length for various defect concentrations. Even at the

same defect population, there is a higher probability that the defects block more lithium ions

when the particle size increases. This macro-scale simulation shows how the Li-ion diffusion in

LiFePO4 depends  on  particle  size  and  defect  concentration,  which  cannot  be  quantitatively

studied by DFT calculations at atomic scale.

Macro-scale  Li-ion  diffusion  in  cation-disordered  rock-salt  (DRX)  structure  has  also  been

investigated  using  multi-scale  modeling  with  DFT  calculation  and  Monte  Carlo  (MC)

percolation simulation by Lee  et al.33 In a DRX Li-TM structure, both Li and TM occupy the

same octahedral sites, and Li diffusion proceeds by hopping from one octahedral site to another

one through an intermediate tetrahedral site (o-t-o diffusion), as shown in Figure 2c. Their DFT

calculations show that the Li migration barrier of 0-TM channels, involving no face-sharing TM

ions, is much lower than that of 1-TM channels involving one face-sharing TM ion in DRX

cathodes.  This  is  because  Li-ions  at  the  transitional  tetrahedral  site  along  0-TM  channels

experience much weaker electrostatic repulsion than along 1-TM channels where high valent

cations M3+/4+/5+/6+ are present at face-sharing octahedra. Thus, 0-TM channels connected through

the entire material,  allowing Li percolation uninterrupted by 1-TM channels, are required for

good Li kinetics in DRX cathodes.



However,  as  Li-ion and TM ions  are  disordered  in  the  DRX structures,  0-TM channels  are

randomly distributed, making it hard to understand macro-scale Li diffusion from atomistic DFT

calculation.  In  this  respect,  Lee  et  al. performed  MC percolation  simulations  using  a  large

supercell containing 2,048 cation sites to generate randomly distributed cations and investigate

how many Li-ions percolate along 0-TM channels.33, 37 They estimated accessible Li content by a

percolating network of 0-TM channels in DRX Li-TM oxide as a function of Li content and

cation mixing (Figure 2d).  More excess Li adds more 0-TM percolating network,  increasing

accessible Li content. This simulation can explain why stoichiometric DRX Li-TM cathodes (no

Li excess) have a very low capacity, what is the minimum Li excess to activate 0-TM percolation

network (percolation threshold), and what is the optimal Li excess for the largest accessible Li

content. Although these macroscale simulations enable the study of macroscopic Li kinetics in

cathode  materials  quantitatively,  their  results  are  determined  by  assumptions  based  on  the

understanding of Li-ion diffusion from atomistic modeling. 



Figure 2. (a) Lithium migration pathways in olivine LiMPO4. Republished with permission from
24. Copyright 2003 The Electrochemical Society. (b) Expected unblocked capacity as a function
of Li-ion channel length for various defect concentrations in LiFePO4. Reprinted (adapted) with
permission from 32 Copyright 2010 American Chemical Society. (c) Possible local environments
for  Li  hopping  in  rocksalt-like  Li-TM  oxides.  (d)  Estimated  accessible  Li  content  by  a
percolating network of 0-TM channels in rocksalt-like Li-TM oxides as a function of Li content
and cation mixing. Republished with permission from 33 Copyright  2014 AAAS.

Another innovative example of a multiscale computational approach to probe ion-dynamics in

solid-state conductors has been recently provided by Deng  et al.,38 with investigations on the

effect of polyanion mixing on the Na-ion transport properties of Na1+xZr2SixP3−xO12 (0 ≤ x ≤ 3)

NASICON electrolytes.  The authors  used DFT-calculated  NEB migration  barriers  to build a

Local  Cluster  Expansion  (LCE)  Hamiltonian,  which  was  then  used  in  kinetic  Monte  Carlo

(kMC)  simulations  over  milliseconds  time-scales  and  nanometers  length-scales.  These

simulations indicated that fast Na-ion transport is favored by a Si-rich local environment due to

lower  migration  energies.  They  also  found  that  the  optimal  Na  content  (and  carrier



concentration)  is  obtained  for  x~2.4,  which  explains  the  high  Na-conductivity  measured

experimentally for Na3.4Zr2Si2.4P0.6O12.

As  shown  by  the  examples  above,  the  link  between  atomistic  QM  simulations  of  battery

materials and simulations on a macroscopic scale is provided by statistical approaches that are

broadly based on either ensemble averages (MC) or time averages (MD). These often rely on the

empirical representation of interatomic potentials or force fields (FF) to limit computational costs

while extending the reach of the potential  energy surface (PES) sampling.  A major  problem

intrinsic to (semi-)empirical potentials is their lack of generality, which curbs expectations over

accuracy and extrapolation capability. Therefore, great research effort has been devoted in the

past  two  decades  to  developing  physically  sophisticated  FFs  able  to  reproduce  charge

polarization  effects,39-41,  as  well  as  complex  chemical  reactions  (e.g.,  ReaxFF)42 driving  the

dynamic evolution of battery materials,43 with the aim of achieving increasingly better agreement

with experimental observations. 

A  much  simpler  and  more  adaptable  type  of  FF  is  the  one  calibrated  on  the  fundamental

description  of  structure  environments  via atomic  bond  lengths  and  angles,  while  complex

physical and chemical specificities are neglected. Such FFs are applicable across larger chemical

spaces and thus serve well purposes of high-throughput materials screening. The bond-valence-

sum (BVS) based FF formulated by Adams et al. is a prominent example,44, 45 being commonly

used for the analysis of ion transport pathways and migration barriers. Figure 3a displays the Li

migration-energy  diagram  from  the  bond-valence  site  energy  landscape  calculated  for

Li5La3Ta2O12; the overall migration barrier for the percolating Li(2)–Li(1)–Li(2) path (<0.4 eV)

is very close to that computed via NEB analysis. Along the same line, Kobayashi  et al.46 have

proposed empirical  FFs for  solid-state  ionic conductors  using radial  and angular  distribution

functions obtained from ab initio MD reference data.

Breakthroughs  in  statistical  machine  learning  (ML),  associated  with  the  rise  of  materials

informatics in recent years, have offered a valuable alternative to classical interatomic potentials

fitting.47-53 Generally  speaking,  ML potentials  are trained on QM reference  data and used to

explore  the  associated  PES  at  a  substantially  higher  pace  but  with  comparable  accuracy.



Emerging applications of ML potentials hold great promise towards the realistic modeling of

battery materials and their behaviors.54-57  

Amorphous materials are notable case studies due to the high computational cost of simulating

long-range  disorder  and  vast  accessible  stoichiometries.  In  modeling  amorphous  Si  anodes,

Artrith  et al. performed a thorough and efficient sampling of the amorphous LixSi phase space

combining  a  neural  network  potential  (NNP)  with  a  genetic  algorithm.58 In  addition,  NNP-

assisted lithium transport  investigations  have revealed  a strong inhibitory  effect  from under-

coordinated  Si.59,  60 Li  et  al. trained  a  NNP to  simulate  ion  diffusion  in  amorphous  Li3PO4

electrolytes and achieved good agreement with experimental activation energies (~0.55-0.58 eV)

using structure  models  of over 1000 atoms (see Figure 3b).61 Similarly,  computational  work

showing the impact of off-stoichiometry conditions on the Li-ion diffusion in amorphous LiPON

electrolytes  has benefited from the aid of NNPs in determining low-energy structure models

explored with a genetic-algorithm.62

In addition to enabling access to large model systems, ML potentials also allow to extend the

timescale of MD diffusivity simulations while keeping ab initio level accuracy. This can reduce

the often significant discrepancy between conductivities and activation energies calculated for

solid-state ionic conductors and those measured experimentally, as was recently demonstrated by

Qi et al..63 By using moment tensor potentials (MTPs) for MD simulations at least 1ns long and

with  up  to  2376  atoms,  the  authors  calculated  room-temperature  ionic  conductivities  for

Li0.33La0.56TiO3 (LLTO), Li3YCl6 and Li7P3S11 in excellent agreement with experimental values,

and unveiled a low-temperature (400-450K) transition between different diffusive regimes in all

three superionic conductors (Figure 3c). Diffusivity simulations on cathode coating materials by

Wang  et  al.  provide another  prominent  example  of  usage of  MTP potentials  to  access  long

simulations  time scales (up to 2 ns).64 In this  case,  the authors adopted a learning-on-the-fly

approach  based  on  ab  initio MD  simulations,  which  has  the  advantage  of  reducing  the

operational  overhead  by  maximizing  automation  of  the  ML  potential  training  process.

Galvanized  by  such  advantage,  optimized  workflows  for  unsupervised,  on-the-fly  ML force

fields generation have been under active development for a few years, particularly within the

framework of the Gaussian Process model48 coupled with Bayesian inference.52, 53, 65-67 Finally, in



closing on the topic of multiscale modeling of battery materials  and components,  it is worth

mentioning that successful ML predictions of macroscopic mechanical and thermal properties

have been implemented via statistical learning of data from finite-elements simulations.68, 69  

Figure  3. (a)  Li  migration  pathway  diagram  from  the  bond-valence  site  energy  (BVSE)

landscape calculated for Li5La3Ta2O12. The 3D pathway network is based on hops between Li(1)

and Li(2) sites with a barrier <0.4 eV, which is essentially the same as that obtained from NEB

calculations.  Republished  with  permission  from  45 Copyright  2019.  International  Union  of

Crystallography. (b) Simulation cells representing amorphous Li3PO4, indicating the step up in

system size enabled  by moving from DFT to ML potentials.  Adapted  and reprinted  from  61

Copyright  2017.  AIP  Publishing.  (c)  Li  trajectories  (in  green)  from  MTP-assisted  MD

simulations of LLTO, Li3YCl6 and Li7P3S11 at room temperature (300 K) and above the transition

to high-temperature diffusivity regimes. Reprinted from 63 Copyright 2021. Elsevier.

Progress in Experiments

Along with the efforts for computational approaches to understand the electrochemical reaction

mechanisms and their effects on battery performance, there have been significant developments



in  experimental  characterization  techniques  to  capture  the  reaction  process,  with  particular

attention devoted to operando studies (i.e. investigations carried out in real time during battery

(dis)charge). Such methods are used to investigate the electrochemical reactions at varied length

scales, from the atomic one to the mm-scale of full electrochemical cells. One popular structural

characterization tool is X-ray powder diffraction (XRPD). In fact, XRPD exploits constructively

scattered X-rays to reconstruct the periodic distribution of atoms into the unit cell of a crystalline

material. As such, it can also be used to understand how such structure is modified in electrode

materials  during  cycling.  XRPD  is  now  commonly  applied  in  situ and  operando both  at

synchrotron facilities and on laboratory diffractometers.70, 71 For example, XRPD has been used

to solve a number of key electrode material-related questions, notably in the case of LiFePO4

(hereafter, LFP).72, 73 LFP is a textbook example of biphasic material, wherein Li deintercalation

proceeds via observation of phase-separated LFP + FePO4. It was later demonstrated via XRPD

that  such biphasic behavior  is  strongly dependent  of various parameters:  higher  temperature,

higher current rate or the use of nanoparticles may all result in a solid solution behavior.74-76 Liu

et al., in particular, demonstrated the rate dependence of the LFP reaction pathway (Figure 4a):

at low rates Bragg peaks of both LFP and FePO4 are clearly separated, while at higher rates (>=

10C) diffracted intensity is also present at intermediate positions corresponding to solid solutions

LixFePO4.76 Hence in the case of LFP, like for several other compounds, XRPD was a crucial

tool to spark subsequent studies focused on understanding electrochemical reaction pathways.

Very recently, XRPD has also been applied to investigate synthesis reaction mechanisms and

thermal stabilities of electrode materials for rechargeable batteries.77-82 A review article in this

focus issue highlights the importance of understanding synthesis reaction mechanisms and shows

several key examples using in situ heating XRPD experiments.83

One important  research direction is to combine XRPD with other experimental  methods.  By

doing so, ideally simultaneously or as much as possible under comparable conditions, one can

complement the bulk structural information with local, electronic or morphological information.

Multi-modal characterization is made possible also by developing sample environments capable

of conducting such simultaneous experiments (see as an example Figure 4b),84 thereby improving

our understanding of the electrochemical reaction mechanisms.84-90 As an example, XRPD has



long  been  used in  combination  with  XANES (X-ray  absorption  near  edge structure)  during

charging and discharging of battery materials, to investigate the change in the crystal structure in

relation  to  the varying redox activity  of  the transition  metals.  This  is  particularly  useful  for

example  in  multi-metal  cathodes  such  as  LixNiyMnzCo1-y-zO2 (NMC).88 XANES was  used  to

prove that in such materials Mn4+ is mostly redox inactive, while the oxidation and reduction of

Ni and Co occur at different states of charge (SOC). In particular, Ni2+ is the main redox active

element, especially at voltage cut-off < 4.5V, while the oxidation of Co3+ would only occur at

higher SOC. Another good example can be found in work by Bianchini et al. and by Broux et al.

on  Na3V2(PO4)2F3 (NVPF).91,  92 The  multiple  phase  transitions  driven  by  strong  Na-vacancy

orderings as a function of Na concentration in Na3-xV2(PO4)2F3 were verified by a XRPD study,

which also suggested but could not definitively prove V4+ disproportionation into V3+ + V5+ in the

end  member  NaV2(PO4)2F3.91 The  XANES  technique,  further  coupled  with  NMR  (Nuclear

Magnetic Resonance), finally proved such disproportionation of V4+.92 

Beyond XANES, when the local structure needs to be investigated, Extended X-ray Absorption

Fine Structure (EXAFS) plays a critical role to understand reaction mechanisms. With proper

data  reduction  and  treatment,  EXAFS  can  verify  the  metal’s  oxidation  state  in  electrode

materials,  as  well  as  possible  local  distortions  or  deviations  from  the  average  bulk  crystal

structure.93-95 A particularly interesting example is that of LiNiO2 and Ni-rich NCM materials,

where diffraction experiments always identify an average perfect octahedral environment around

Ni3+ cations, while EXAFS can prove the existence of a Jahn-Teller distortion at the local scale,

whose  dynamic,  non-cooperative  nature  was  recently  suggested.96,  97 Being  element-specific,

XANES  and  EXAFS  in  particular  can  also  separate  the  reaction  kinetics  in  multi-element

electrode materials. As shown in Figure 4c, Yu et al., demonstrated using EXAFS that Mn is the

rate-limiting redox center, reacting slower than Ni and Co, in Li and Mn-rich NCM material

Li1.2Ni0.15Co0.1Mn0.55O2.98
 

Another powerful technique to obtain local structural information is Pair Distribution Function

(PDF) analysis.99,  100 Despite requiring more careful data acquisition (higher Q range and high

statistics, careful background correction, etc.), PDF extends the range of applications of XRPD

by allowing to characterize not only perfectly crystalline materials, but also those with limited



periodicity,  i.e.  defective  materials,  nanocrystalline  and even amorphous ones.  Recent  works

have  successfully  developed  operando PDF  capability  using  a  customized  sample

environment.101, 102 This approach is particularly valuable for the study of conversion and alloying

reaction at negative electrodes, where often nanostructures with poor crystallinity are formed,103,

104 or for the study of the storage properties of hard carbon anodes.105 Allan et al., in particular,

demonstrated the use of ex situ PDF combined with solid-state NMR to identify the intermediate

phases occurring during the reaction of Sb used as anode for Na-ion batteries.103 Thanks to the

use of such techniques, two new intermediate phases were identified, which could be described

despite the presence of significant defects (Na vacancies) or being highly amorphous. 

An even more detailed and local picture can be obtained by using solid-state NMR. Detailed

interpretation  of  NMR  spectra  and  their  use  in  combination  with  multiple  other  scattering

techniques has been pioneered by the Grey group and is now an established approach towards a

full  structural  and  electronic  understanding  of  electrode  materials.106,  107 As  an  example,  an

operando Na-NMR study showed that  local  environments  near  Na change significantly as  a

function of the sodiation level in a Sn anode (Figure 4d).104  Combined with PDF analysis and

DFT computations, Stratford et al. could successfully demonstrate the sodiation process in a Sn

anode.  Recently, various other techniques relying on magnetic properties (magnetometry, EPR)

are being developed for the study of electronic properties of materials, even towards operando

studies.108-110 

A thorough understanding of the bulk crystal, its electronic structure, and its defects, are of key

importance  to  develop  electrode  materials,  as  well  as  to  build  models  for  simulations  that

represent realistic samples. Nonetheless, these properties often do not directly correlate with the

electrochemical performance of the materials.  In fact,  various factors, including the materials

surface  structure,  surface  impurities,  metal  dissolutions,  cathode-electrolyte  interphase  (CEI)

formation,111-113 play a major role in determining the electrochemical performance in terms of

both first cycle capacity, as well as capacity evolution over cycling and degradation mechanisms.

For the study of the surface structure of electrode materials,  XAS with soft X-Rays is often

employed.  By varying the detection mode from Fluorescence Yield (FY, a  few hundred nm

probed depth) to Total Electron Yield (TEY, only 5-10 nm) to Auger Yield (AY, 2-5 nm) one



can, at the same time, get information about the bulk, near surface and pure surface electronic

structures.114,  115 By doing  so,  one  can  for  example  clearly  distinguish  the  more  reduced Ni

oxidation state at the surface of LiNiO2 and Ni-rich cathode materials, as compared to the bulk

oxidation state. This can also be confirmed by electron microscopy techniques, where the surface

structure can be observed to evolve from a layered to a rock salt-like structure upon long-term

cycling.116-118 XPS is also a sensitive technique to determine the nature of the chemical species

present on the surface in the pristine state, as well as evolved during cycling.119, 120 At synchrotron

facilities, Hard X-ray Photoelectron Spectroscopy (HAXPES) can also be employed to tune the

incident photon energy and hence vary the probed depth into the materials.121 For example, Assat

et al. used HAXPES to prove that in Li- and Mn-rich NCM materials (Li1.2Ni0.13Mn0.54Co0.13O2),

anionic redox does not only contribute to the activation cycle(s), but rather reversibly persists in

the material´s bulk after several tens of cycles.121 However, such anionic redox reactions are not

fully  reversible.  The irreversible  anion oxidation  often leads  to  degradation  of  the  electrode

materials,  which  is  often  correlated  with  gas  evolution  from  the  lattice.122 Differential

electrochemical mass spectrometry (DEMS) studies are particularly powerful to understand such

a degradation mode involving gas evolution. For example, Lee et al. clearly showed how O2 and

CO2 release at the end of charge in disordered rock salt cathode materials could be quantified by

DEMS (Figure 4e).122 Fluorination was also demonstrated as a viable route to mitigate such gas

release. A review article by Dreyer et al. in this focus issue provides a comprehensive overview

on the gas evolution in battery systems.13 The DEMS technique is even more relevant  when

investigating Li-oxygen (or Li-air) batteries, because the major reaction products of those battery

systems  are  gas  species.  The  work  from Bryan’s  group  in  this  focus  issue  uses  DEMS  to

demonstrate that nature of carbon electrode and charging protocol are key parameters to optimize

Li-air battery performance.12



Figure  4.  Atomic  scale  characterization  techniques  for  battery  electrode  materials.  (a)
Contour  plots  of  in  situ (operando)  XRPD  patterns  acquired  during  the  first  five  charge-
discharge cycles of LFP at 10C rate. The corresponding voltage curve is plotted to the right.
Reproduced from 76 Copyright 2014. AAAS (b) An exploded representation of the AMPIX cell,
suitable  for  a  broad  range  of  synchrotron-based  X-ray  scattering  and  spectroscopic
measurements. Reproduced from 84 Copyright 2012. International Union of Crystallography. (c)
5 V constant voltage charging applied to the Li1.2Ni0.15Co0.1Mn0.55O2 electrode. Ni, Co, Mn reacted
simultaneously,  which  was  recorded  using  a  time-resolved  XAS technique.  At  the  top,  the
Fourier transformed Mn K-edge spectra is shown, at the bottom, a projection view of the Ni–O,
Co–O, and Mn–O peak magnitudes of the Fourier transformed K-edge spectra as functions of
charging time. Reproduced from  98 Copyright 2014. John Wiley & Sons, Inc. (d) Operando
measurements for electrochemical cells with sodium metal and tin electrodes discharged at C/30
rate. On the left, selected PDFs obtained during the first discharge are vertically offset in time;
the colors correspond to the points shown on the electrochemical curve. On the right, 23Na NMR
spectra  obtained  during  the  first  discharge,  aligned  with  the  corresponding electrochemistry.
Selected regions are highlighted above, where the colors now correspond to the points shown on
the electrochemical curve. Reproduced from 104 Copyright 2017 under a the Creative Commons
CC BY license, American Chemical Society. (e) Differential electrochemical mass spectrometry
(DEMS) study of Li1.15Ni0.375Ti0.375Mo0.1O2 (LN15). Voltage profiles (black solid) of LN15 when



charged to 4.8 V and discharged to 1.5 V at 20 mA g–1, along with the DEMS results on O2 (red
circle) and CO2 (blue triangle). Reproduced with permission from 122 Copyright 2017 under a the
Creative Commons CC BY license.

The  performance  of  rechargeable  batteries  is  determined  by  not  only  the  electrochemical

reactions occurring at atomic- and nanometric-scales, but also by structural and compositional

changes at microscopic-scales. We will highlight here why characterization at microscopic scales

is important to understand the electrochemical reaction mechanisms in rechargeable batteries.

Phase separation in a particle upon Li intercalation leads to mechanical strain and may result in

fracture  of  the  electrode  materials  after  repeated  charging-discharging  cycles.  Lim  et  al.

leveraged spatially resolved operando scanning transmission X-ray microscopy (STXM) to track

the  Li  insertion  mechanisms  by  monitoring  the  valence  state  of  Fe  in  LixFePO4 at  various

discharging  rates.123 By  using  a  microfluidic  electrochemical  cell,  they  could  image  the  Li

composition of around 30 single LixFePO4 particles while these are charged and discharged in a

liquid electrolyte. They found that the Li-rich (Fe2+) and Li-poor (Fe3+) regions are separated in a

single LixFePO4 particle during discharging at a relatively low current rate (0.2 C) as shown in

Figure 5a. In contrast, at a relatively high current rate (2 C), uniform Li intercalation in LixFePO4

is  observed  without  obvious  phase  separation.  The  authors  claimed  that  the  compositional

uniformity  within  particles  minimizes  mechanical  stress  and  would  show  improved  cycling

stability. A very recent study by the Tang group also investigated the electrochemical reaction

mechanisms of LixFePO4 with  ex situ 3D XANES measurements  and  operando 2D XANES

mapping  combined  with  phase-field  simulations.124 They  reported  that  the  LixFePO4 phase

exhibits  1D growth behavior  in  secondary particles  and forms rate-independent  filament-like

domains with the average diameter smaller than the primary particle size. According to their

analysis, 1D growth of LixFePO4 phase is attributable to the coherency stress, resulting from the

lattice  misfit  between  Li-poor  and  Li-rich  domains.  However,  their  observations  are  mainly

limited to the equilibrium states of LixFePO4 because they used  ex situ 3D imaging. A recent

study by Özdogru et al. discovers rate-dependent electrochemical strain changes in LiFePO4 and

NaFePO4 cathodes, published in this focus issue. 125 In their experiments, larger strain evolution

was recorded at faster charging/discharging rates. In addition, under the pulsed current charging/



discharging conditions, the strain change associated with phase evolutions is delayed at faster

rates. 

The  varying  unit  cell  volume  of  the  electrochemically  active  material  during  charging  and

discharging is  one major  problem that  is  responsible  for  capacity  degradation.  This  issue is

particularly critical when the electrode material suffers from a large volume change as is the case

for elements alloying with Li (e.g. Sn, Si, etc)126, 127 or reacting via conversion reactions (Co3O4,

Mn3O4, Fe2O3, etc).128-130 For such compounds, transmission X-ray microscopy (TXM) plays an

important role in understanding the effect of volume change on cycling stability and in guiding

strategies  to  mitigate  volume  expansion  upon  discharging.  For  example,  the  Tolbert  group

utilized  operando TXM to investigate the mechanisms that govern the improved cyclability of

nanoporous Sn compared to bulk Sn anodes (Figure 5b).131 They developed and used X-ray-

transparent  electrochemical  cells  to  monitor  morphological  changes  upon  charging  and

discharging in Li metal  cells. They found that the dense Sn anode suffers from a very large

volume expansion (~260%) upon discharging, which leads to crack formation in the Sn particles.

In contrast, a significantly smaller volume expansion (~30 %) is observed during lithiation in

negative electrodes containing porous Sn nanoparticles. In the latter case, the pores volume can

accommodate the volume change of the Sn active material during repeated cycling. The main

limitation  of  these  2D  TXM  images  is  that  the  exact  pore  size  and  shape  cannot  yet  be

determined. 

Optical microscopy (OM) is another powerful tool to investigate microstructure evolutions in

rechargeable batteries, especially for the materials that have color changes depending on states of

charging. One good example is a lithium-sulfur battery. Sun et al. investigated the formation of

soluble polysulfides and their temporal and spatial  distribution over charging and discharging

using an  operando OM technique.132 Because the soluble polysulfides have a yellow color in

nature,  OM can easily  capture the formation  of polysulfides during battery operations.  They

provided direct visualization of the shuttle effect of polysulfides. Their observations clearly show

the  color  gradations  where  cathode-side  has  a  darker  color  than  anode-side.  By developing

sulfur-poly(3,4-ethylenedioxythiophene)  (PEDOT)  composite  and  using  a  functional  Nafion

modified separator, they could mitigate the dissolution of polysulfides and shuttle effect, which



are detrimental for cycling stability. Lithiation in graphite is another good test case to study with

OM because graphite color varies depending on the state of charge.133 Kang et al. investigated

the lithiation and delithiation kinetics in graphite with liquid electrolytes using  operando OM

where  they  discovered  different  charge  and  discharge  kinetics  dependent  on  the  spatial

distribution of the Li concentration within the electrode.133 Later, lithiation behaviors in graphite

with a solid-state electrolyte were studied by the Dasgupta group.134 Without well interconnected

solid-state electrolyte  domains with the graphite,  a  strong color gradient  from the solid-state

electrolyte side to the current collector side is found, indicating non-homogenous lithiation in

graphite electrode as shown in Figure 5c. In contrast, homogeneous lithiation is observed when

graphite and solid-state electrolyte have good interconnectivity. These results indicate that there

is  a  critical  role  of  microstructure  design  for  composite  electrodes  for  solid-state  batteries.

Similarly,  a  recent  work by Merryweather  et  al. developed optical  interferometric  scattering

microscopy (iSCAT) and investigated lithiation dynamics in a single particle of LixCoO2 under

varied current rates.135 

Focused  ion  beam-scanning  electron  microscope  (FIB-SEM)  tomography  with  nanoscale

resolution can be used to peek inside a full battery and reconstruct 3D images. Tan et al. recently

investigated the composite electrode morphology change in a solid-state battery before and after

electrochemical cycling.136 Their tomography results showed that voids and cracks form near the

cathode particles,  which lead to contact  loss between cathode active material  and solid-state

electrolyte after repeated cycling (Figure 5d). While the large external pressure (300 MPa) after

the cycling could recover some amounts of lost capacity, the study highlights the importance of

engineering  mechanically  stable  electrode  composite  in  solid-state  batteries.  FIB-SEM

tomography is a powerful tool to investigate the structure evolution inside the battery cells, yet

this method is destructive, hence  operando characterization is not available. In addition, beam

damages during the FIB process must be minimized.  

To overcome the limitations of FIB-SEM tomography, several advanced techniques have been

introduced. X-ray-based characterization can lead to non-destructive investigation inside the cell

while the battery operates. For example, Müller et al. utilized X-ray radiography combined with

a  force  sensor,  temperature  sensors,  and  electrochemical  impedance  spectroscopy  (EIS)  to



understand  electrochemical  reaction  mechanisms  of  Li/S  batteries  with  a  monolayer  pouch

cell.137 Their multimodal characterization correlates the morphology evolutions of solid sulfur (S)

and lithium sulfide (Li2S) with resistance of the cells and temperature distributions. The authors

claimed that the lowering viscosity of the liquid electrolyte by the formation of solid phases

results  in the solution resistance drop. In addition,  it  is likely that the temperature change is

determined by Joule heating as the temperature change coincides with solution resistance of the

cell. The authors suggested another possibility, namely that the temperature change is affected by

an endothermic sulfur crystallization and exothermic dissolution process. A key advantage of X-

ray tomography (XRT) is the fact that it can construct 3D images without opening the cell. A

recent work led by Otoyama is a good example.138 Using operando X-ray computed tomography

(X-ray CT), crack formation inside a solid-state electrolyte is visualized during battery operation

as represented in Figure 5e. The authors proposed that the primary cause of short-circuiting in

the solid-state battery using sulfide electrolytes is the chemical reaction between the sulfide solid

electrolyte  and  Li  metal.  They  claimed  that  the  sulfide  electrolyte  expands  during  the

decomposition when it meets Li metal and forms small cracks. Then, Li metal can penetrate the

small cracks to form new interfaces with the sulfide solid electrolyte. Such a combination of

reduction–expansion–cracking  of  sulfide  solid  electrolyte  is  repeated  and,  eventually,  large

cracks form and Li metal forms inside the large cracks, which causes short-circuiting. There are

other advanced characterization techniques that are non-destructive and can be done operando:

such  as  acoustic  emission,139 ultrasound140,  141 and  thermal  waves  characterization.142 These

techniques can scan large areas and even practical full cell dimensions during battery operation.

Operando ultrasound characterization typically studies cell-level phase behaviors of electrode

materials because ultrasound is sensitive to the density of the materials and the electrode material

expands and shrinks upon lithiation and/or delithiation.140, 141 A good example is shown in Figure

5f. A recently developed thermal wave-based analysis technique can track the Li concentration in

the  electrode  based  on the  calibrated  relationship  between  the  thermal  conductivity  and the

amount of intercalated Li ions in the electrode.142 



Figure 5. Various micro-scale characterization techniques.  (a) Scheme of the Li insertion

pathway as a function of the lithiation rate in LixFePO4. Reproduced with permission from 123

Copyright 2016 American Association for the Advancement of Science. (b) Absorption images

of dense and nanoporous tin collected in an X-ray transparent pouch cell using a transmission X-

ray microscope operating at 8.95 keV. Reproduced with permission from  131 Copyright 2017

American Chemical Society. (c) Cross section snapshots of OM in graphite anode with varied

graphite and solid electrolyte mixing ratios at  C/16 and C/4 rates,  taken after 16 and 4 h of

lithiation,  respectively.  Reproduced  with  permission  from  134 Copyright  2021  American

Chemical  Society.  (d)   Reconstructed  3D  volume  of  the  cathode  composite  in  solid  state

batteries.  Reproduced  with  permission  from  136 Copyright  2020  under  a  Creative  Commons

Attribution-NonCommercial 3.0 Unported Licence. (e) 3D rendered image of the Li3PS4 pellet

after the galvanostatic cycling test, where cracks and low-density areas are shaded blue and pink,



respectively. Reproduced with permission from 140 Copyright 2021 American Chemical Society.

(f)  Operando amplitude  scanning.  C/5  constant  current  cycle  for  400 mAh LiCoO2/graphite

pouch cell. Reproduced with permission from 142 Copyright 2021 American Chemical Society.

Discussion 

While  technological  advancements  and  supportive  governmental  policies  are  stimulating  the

transition  to  renewable  energy  sources,  researchers  are  challenged  by  durability  and  safety

concerns around energy storage devices.  LIBs and beyond LIBs systems are currently at the

center  of  great  research  efforts  to  control  the  underpinning  electrochemical  processes  and

minimize  irreversible  materials  degradation  that  may  ultimately  jeopardize  the  device

performance. Multi-scale analyses, including both experiments and simulations, are essential for

this  purpose,  being  able  to  tie  observed  macroscopic  behaviors  to  the  physico-chemical

phenomena occurring at the nano- and microscopic level. In this work, we offered an overview

of  the  main  experimental  and  computational  methods  that  are  currently  being  used  (or

developed) across multiple length and time scales for the exhaustive characterization of battery

materials and components. 

On the computational side, statistical approaches at the frontier between physics and learning

theory are bridging the gap between atomistic quantum-mechanics and continuum-level finite-

elements modeling. Probabilistic frameworks are essential to provide quantitative estimates of

the detectable outcomes of atomic-scale processes, such as defects formation or ionic migration.

This is the case, for example, of Lee  et al.’s work on DRX cathodes,33 where MC simulations

were used to calculate the probability of Li percolation throughout the material as a function of

the Li content. In addition, in the past decade or so, ML approaches to materials simulations have

come forward as a pathway to build accurate interatomic potentials, that is, to establish complex

functional  relationships  between  energy  and  atomic  positions  without  the  need  to  solve  the



Schrödinger equation. Length- and time-boundaries of traditional quantum-mechanics are thus

being pushed forward, as was recently demonstrated, e.g., by the report of ML-assisted Li-ion

diffusivity  simulations  performed  on  systems  with  over  2000  atoms  over  nanoseconds-long

trajectories.63 

On  the  experimental  side,  multi-modal  characterizations  that  measure  various  properties

simultaneously or at least measure those properties within a single setup or device, can greatly

improve the understanding of the electrochemical reaction mechanisms. In fact, a number of

sample environments capable of simultaneous XRD and XAS experiments have been reported,84-

86 and several studies demonstrated the power of this method.87, 88, 90 In this respect, it is worth to

devote more efforts to develop new operando cells that can measure multiple characteristics and

properties simultaneously. 

With the recent advent of solid-state batteries, where solid electrolytes (especially sulfides with

high Li-ion conductivity) have been demonstrated to be in most cases unstable in contact with

either positive or negative electrodes,143 proper determination and quantification of interfacial

reaction  byproducts has gained increased importance.144-146 However,  characterization of such

interphase formation remains challenging because those interphase materials are buried in the

solid  materials  and  they  are,  in  many  cases,  extremely  sensitive  to  air  exposure.  Advanced

characterization techniques such as cryogenic TEM combined with air-free sample preparation

and transfer system will be an exciting direction to pursue in this area. Another powerful tool to

study interface regions is Time of Flight Secondary Ion Mass Spectrometry (TOF-SIMS), which

allows to reconstruct laterally and depth resolved models of the interfaces and their chemical

composition.147, 148 

Summary 

The electrochemical and chemomechanical reactions occurring inside battery materials and cells

are often very complex, yet they determine the overall battery performance. Therefore, a detailed

understanding of such processes must be developed. This review article provides an overview of

recent  advances  and remaining  challenges  in  computational  and  experimental  approaches  to



understand the electrochemical reactions of battery materials spanning from atomic- to macro-

scales. In addition, we would like to highlight that our focus issue provides important findings in

this  area,  with the hope to help the battery community further its  understanding of complex

electrochemical reaction mechanisms within battery materials and electrodes. 
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