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Abstract 
Since the discovery of batteries in the 1800s, their fascinating physical and chemical properties 
have led to much research on their synthesis and manufacturing. Though lithium-ion batteries 
have been crucial for civilization, they can still not meet all the growing demands for energy 
storage because of the geographical distribution of lithium resources and the intrinsic 
limitations in the cell energy density, performance, and reliability issues. As a result, non-Li-
ion batteries are becoming increasingly popular alternatives. Designing novel materials with 
desired properties is crucial for a quicker transition to the green energy ecosystem. Na, K, Mg, 
Zn, Al ion, etc. batteries are considered the most alluring and promising. This article covers all 
these Li, non-Li, and metal-air cell chemistries. Recently, computational screening has proven 
to be an effective tool to accelerate the discovery of active materials for all these cell types. 
First-principles methods such as density functional theory, molecular dynamics, and Monte 
Carlo simulations have become established techniques for the preliminary, theoretical 
analysis of battery systems. These computational methods generate a wealth of data that 
might be immensely useful in the training and validating of artificial intelligence and machine 
learning techniques to reduce the time and capital expenditure needed for discovering 
advanced materials and final product development. This review aims to summarize the 
application of these techniques and the recent developments in computational methods to 
discover and develop advanced battery chemistries. 
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Introduction 

In 1987, Yoshino and his colleagues patented the first rechargeable lithium-ion battery, which 

Sony (a Japanese conglomerate) later commercialized. They have paved the way for the evolution 

of wireless portable devices such as laptops, cell phones, watches, digital cameras, and so on. For 

the last 20 years and counting, lithium-ion batteries (LIBs) have been the undisputed leader in the 

field of electrochemical energy storage. They are still one of the most highly studied fields as a great 

topic of interest [1]. Though, the future might not be as easy since some issues, such as high cost 

and limited resources, are likely to create serious impediments to meeting the future requirements 

of energy storage devices [2]. Rechargeable LIBs are an appealing choice for a wide range of 

applications due to their high energy density [3], long cycle life [4], and low self-discharge [5]. 

However, it has some performance issues and limitations, such as sensitivity to high temperatures, 

a limited number of charge-discharge cycles, and potential safety issues, e.g., thermal runaways. To 

address these limitations [6], researchers are investigating alternative battery chemistries such as 

monovalent metal ion [7], multivalent metal ion [8], and metal-air [9] batteries. They are also 

progressively gaining popularity as one of the most dependable energy storage devices and have 

the potential to meet the needs of electric vehicles (EV) and other future applications [10].  
Rechargeable batteries involve numerous complex electrochemical processes at diverse lengths 

and time scales, often spanning several orders of magnitudes, making a holistic understanding of their 

behavior a difficult proposition through the experimental route alone. The high cost of experiment-

tation, particularly those involving large-scale battery testing, is also a big factor. Computational 

simulations can help solve some of them to an extent. Traditional experimental tools are time-

consuming and expensive. Once properly set-up, simulations can be run much faster than 

experiments, allowing researchers to study the behavior of systems over long periods or at high 

speeds. Simulations can provide a comprehensive understanding of the complex electrochemical 

reactions within rechargeable batteries. Furthermore, the environment can be precisely controlled, 

and the effects of various parameters can be studied outside of the constraints of a laboratory setting. 

As depicted in Figure 1, the progression of scientific advancements can be broadly classified into 4 

paradigms (i) experimental, (ii) theoretical, (iii) computational, and (iv) data-driven science. The first 

paradigm refers to the observation and experimentation of natural phenomena. For example, Italian 

physicist Alessandro Volta developed the first ever operable battery consisting of alternating silver 

and zinc disc-shaped plates separated by paper soaked in a solution of sodium hydroxide (now known 

as the “voltaic pile”) through systematic investigation of electrochemical phenomena during the 

1790s. Later experiments on the voltaic pile performed by Michael Faraday led to the derivation of 

the quantitative laws of electrochemistry, which forms the basis of much of our understanding of 

modern battery technology. The second paradigm describes the development of models in theoretical 

science to precisely describe and explain natural phenomena and laws of sciences. The laws of 

thermodynamics are useful in natural sciences for describing physical quantities like temperature (T), 

energy (E), and entropy (S). The laws of thermodynamics enabled us to estimate and predict the 

extractable energy from a cell through a clearer understanding of the relevant free energies. During 

the 20th century, computers began to progress and changed the world through innovations in 

computational sciences. The discovery of multitudes of computational tools is the hallmark of the third 
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paradigm. Hohenberg and Kohn [11,12] are widely regarded inventors of the modern density 

functional theory (DFT, discovered in 1964). It is a quantum-mechanical atomistic simulation method 

used to calculate the properties of atomic systems such as atoms, molecules, crystals, and microscopic 

surfaces. The discovery of new materials with distinct properties and functions with the aid of 

computational protocols has transformed the entire research community in pure science, materials 

science, biomedical science, engineering science, and so on. As a sub-set, almost all aspects of battery 

science and technologies are also transformed, and this is the prime theme of this article. Massive 

amounts of material information and data have been generated by these computational and 

experimental tools, resulting in ‘big data’. These big data are exploited by artificial intelligence (AI) and 

machine learning (ML) to produce meaningful results in material behaviors in science and technology, 

resulting in the fourth paradigm. Materials 4.0 [13] is another name for this. 

 
Figure 1. The four paradigms of science through different timelines 

Copyright 2019. Adapted from Springer Nature [14] 

The primary goal of this review is to provide a fundamental understanding of computational 

techniques (such as first-principles simulations, molecular dynamics (MD), kinetic Monte Carlo 

(KMC), artificial intelligence (AI), and machine learning (ML) used to design and guide the 

experimental synthesis of the various types of energy storage systems. Each battery chemistry is 

distinct, and it is critical to understand which chemistries are best suited for the required range of 

applications. With the help of computational simulations, it becomes easy to focus on the relative 

merits of different battery chemistries. Towards the end of this review, we also provide a 

perspective on the current issues of rechargeable batteries for energy storage devices and their 

potential pertinent solutions.  

Traditional computational frameworks  

Due to the inherent difficulty in directly observing some of the real-world phenomena, 

researchers and scientists developed the third paradigm in science that enables them to study these 

complex, time-consuming, dangerous (e.g., radioactive), and inaccessible (e.g., core of a star) 

systems using models and simulations. The third scientific paradigm, also known as “simulation-

based science,” emphasizes computational methods for scientific research, such as computer 

simulations and modeling. They can be used to test hypotheses, track individual atoms, predict 
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outcomes, and gain a better understanding of research work. Modern computing relies heavily on 

efficient algorithms and ever-increasing computational power at rapidly decreasing costs. 

Simulations benefit from computer processing power and algorithms to accurately model, solve, 

and analyze complex systems and phenomena. Algorithms, on the other hand, are sets of 

mathematical rules and procedures that allow a computer to perform specific tasks. Simulations can 

also be used to optimize designs, test the safety and performance of new products, and train 

researchers in a safe and controlled environment by generating different data sets. 

First-principles calculations DFT  

Among all rechargeable batteries, the LIB [15] is the most extensively commercialized battery 

type. LIBs have been recognized as vital energy storage systems for a variety of electrical devices 

due to their favorable electrochemical characteristics like high energy density, long life, and high 

power [16]. Using appropriate DFT calculations, one can begin from a given structure and gain a 

thorough understanding and precise prediction of material properties [17] and their reaction 

mechanisms. DFT is a successful approach for the practical implementation of quantum mechanics 

through solving the Schrodinger equation, thereby describing the behavior of atoms and molecules. 

The ground-state energy can be expressed as a function of electron density [11,12]. The energy of 

any system is made up of contributions from non-interacting nuclei, electrons, Coulombic inter-

actions, and unaccounted effects grouped as an exchange-correlation term. The local density 

approximation (LDA), or the somewhat refined form of it, the generalized gradient approximation 

(GGA), is frequently used to approximate the exchange-correlation energy. DFT calculations can 

provide vital information on the charge, energy, magnetism, rate capacity, and safety of 

rechargeable LIBs [18,19] and non-Li batteries. They can also provide results (roughly comparable 

to the experiments) for lithium intercalation voltage, phase instability, charge and lithium 

distribution, and kinetics [20]. DFT results can also help to connect structure and its characteristics. 

DFT software such as VASP [21], SIESTA [22], DMOL3 [23], Quantum Espresso [24], ABINIT [25], etc, 

are widely accepted in studying the electronic properties of rechargeable batteries. The overview of 

relevant works reported by different DFT tools has been summarized in Table 1.  

Table 1. Summary of computational studies of Li and non-Li advanced batteries by DFT calculations 

Materials/systems Computational tools Highlighted features Ref. 

Energetics studies  
(Li, Na, Mg) 

SIESTA 

• Comparison between Li, Na, Mg storage 
solutions in different forms (amorphous vs. 
crystalline) Si (a-Si and c-Si, respectively) 

• a-Si is preferable to c-Si for both insertion 
energetics and volume expansions 

[26] 

Sodiation studies  
(Si, Ge, Sn) 

VASP 

• In contrast to lithiation, specific atomic 
configurations cause the softening, volume 
expansion, and increase in Na diffusivity to occur 
more quickly with sodiation 

[27] 

Anchoring material 
study (Li-S) 

DMOL3, VASP 

• g-SiC2 inhibits the shuttle effect through a 
remarkable affinity for Li2Sn species. 

• Gives a more precise standard for evaluating 
anchoring materials to prevent the shuttle effect 

[28,29] 

Anode material studies 
(Li-ion, Na-ion, Mg-ion, 

K-ion) 

VASP, Quantum 
ESPRESSO 

• Pre-lithiated VS2 might be an attractive anode for 
LIBs. 

• For sodium-ion batteries boron-doped 
graphdiyne makes a good anode material 

[30-34] 
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Materials/systems Computational tools Highlighted features Ref. 

Cathode material 
studies (Li-S) 

VASP 

• Studied the capturing process of a polysulfide 
(PS) by an under-coordinated carbon in the c-
PAN backbone. 

• With increasing polymer lithiation, C-H bond 
strength diminishes 

[35] 

Adsorption studies  
(Na-ion) 

Quantum ESPRESSO 
DMOL3 

• For Na-ion batteries, graphene is not a desirable 
anode material. 

• Defects can significantly enhance Na storage. 

[36,37] 

Negative electrode 
material study for Li-ion 

battery 
ABINIT 

• Total energy studies for Li-Si alloys [38] 

Electronic/Ionic 
transport studies 

(LiFeBO3) 
VASP 

• By Hubbard-corrected DFT, the structural and 
kinetic characteristics of LixFeBO3 were 
examined. 

[39] 

Molecular dynamics 

Molecular dynamics (MD) simulation is an extremely useful tool in battery research as it provides 

critical information for improving battery performance and developing new battery materials and 

designs. In a generic sense, MD relinquishes the precise quantum calculation (to significantly reduce 

computational cost) and adopts a much cheaper classical approach based on Newtonian mechanics 

to cover much larger time and length scales. However, in some cases, it can be closely integrated 

with quantum calculation to retain some advantages of both worlds. In the following, we sample 

some examples from battery research to illustrate these points.  

He et al. [40] performed ab initio molecular dynamics calculations (AIMD) simulations and 

topological analyses for a systematic study of super-ionic conductors (SICs) to reveal their unique 

key features. In addition to having a disordered Li sublattice, they found evidence of positional 

disordering on some sites in SICs, where the Li+ ions move rapidly over a small area of positions in a 

fraction of a picosecond. These regions were labeled as “enlarged Li sites”. The Li+ probability 

density calculations show ellipsoid (LGPS (Li10GeP2S12) and LLZO (Li7La3Zr2O12)) or elongated (LATP 

(Li1.5Al0.5Ti1.5(PO4)3) shapes due to the positional disordering of the ions (shown in Figure 2). These 

enlarged sites are commonly treated as split sites with partial occupancy and can be observed in 

diffraction experiments. 

Using topological analyses, the researchers quantified some key features of the crystal structure 

framework of SICs. They observed that the percolation radii of most SICs were in the range of 0.050 

to 0.075 nm and had enlarged Li sites larger than 0.22 nm, with the Li nodes connected by a short 

distance of about 0.25 nm. Using these parameters, the researchers were able to perform high-

throughput screening of thousands of Li-containing oxides and sulfides from the Inorganic Crystal 

Structure Database (ICSD) [41] by following a 6-step process, ending up with 76 crystal structures 

that shared the same features as known fast Li-ion conductors. 

Dawson et al. [42] used large-scale MD simulations to study the effects of grain boundaries (GBs) 

on Li-ion conductivity in the solid electrolyte Li3OCl. They chose four symmetric tilt GBs observed in 

various other perovskite samples used as solid electrolytes. They observed that the calculated GB 

energies for Li3OCl are very low compared to other perovskites due to the ease of breaking the Li-O 

or Li-Cl bonds and the fact that Li can adjust in various coordination environments.  

These low energies hint at the higher occurrence of GBs in Li3OCl, contributing to high GB 

resistance.  
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Figure 2. (a) Crystal structures of Li2S, LLZO, LGPS, and LATP, (b) Li+ probability density at 900K, (c) Li+ 

probability density (cross-section) from the blue plane in (b) [40] 
Copyright 2019. Reproduced with permission from John Wiley and Sons 

Using their calculated conductivities, a phenomenological model was built to account for the 

effects of GBs on a polycrystalline material. They elucidated that ion conduction occurs through two 

competing processes in such a material: (i) the granular pathway, which dominates when the GBs 

have much larger resistance than the bulk crystalline portions, and (ii) the GB pathway, which occurs 

when conduction in GBs is comparable in magnitude to the bulk electrolyte (e.g., in some sulfides 

and solid oxides), as shown in Figure 3 (a) and (b). 

They plotted the total conductivity of Li3OCl against grain size (shown in Figure 3c), which 

revealed two main features: (i) conductivity enhances with the increase of the grain size of the 

polycrystalline material (expected because the GBs contribute to significant resistance in the 

material), and (ii) GB resistances are shown to be very large at particle sizes <100 nm and bulk 

conductivity starts dominating around 400 nm. Figures 3 (d), (e) and (f) depict MD simulations of 

the Li transport near the GBs and bulk Li3OCl. From the images, we can see that initially, the Li-ions 

close to the GBs move only in the x and y directions. Over time, some of these ions propagate into 

the bulk medium. By 10 ns, the trajectories are very similar to vacancy migration seen in bulk Li3OCl. 

Monte Carlo and kinetic Monte Carlo 

Advances in improving the performance of LIBs are pushing the frontiers of materials design from 

the nano-, to micro- to system-scales. Therefore, it is important to connect and understand how 

atomic events affect the electrochemical behavior of storage devices. These atomic events 

represent chemical reaction processes such as adsorption, desorption, and diffusion events. Kinetic 

Monte Carlo (KMC) is a powerful dynamic modeling technique that uses a stochastic approach to 

simulate the chemical reaction processes, where a reaction process is chosen based on a probability 

distribution representing its rate constant. By virtue of doing away from the atomic description in 

favor of probability distribution, KMC allows us to run simulations at longer time scales without 

necessarily losing all the configurational atomic details and retaining only the important aspects. 

Figure 4 shows the general steps involved in running a simple KMC simulation.  

Zhang et al. [44] developed an electrochemical model to study the dendrite growth owing to the 

deposition of Li considering various factors such as porosity, solid electrolyte interface (SEI) 

thickness, and some external conditions. They have considered two processes for deposition, Li 

dendrite growth and Li plating.  
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Figure 3. (a) Granular conduction (b) GB conduction pathways for Li ions. The orange areas represent the 

grains, the gray areas are GBs, and the blue particles are Li ions, (c) Total conductivity of Li3OCl as grain size 
changes at 300K, (d), (e) and (f) are Li-ion density maps showing the trajectories of Li-ions near the GBs and 

bulk Li3OCl. Copyright 2018. Reproduced with permission from ACS Publications [42] 

 
Figure 4. Flow chart of KMC simulation [43]. 
Copyright 2021. Adapted from IOP Publishing Ltd 
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Dendritic Li deposition consumes recyclable active Li+ content, leading to increased resistance, 

power, and capacity degradation [45,46]. One of the greatest risks emerges when the separator is 

punctured by Li dendrites, leading to an electrical short-circuit and potentially leading to an 

accident [47]. By considering various surfaces of a single crystal with the help of the kMC-embedded 

atom technique, Ghalami et al. [48] explored the electrodeposition of Li onto metallic Li.  

Using a metal anode directly in rechargeable batteries will significantly improve the energy 

density. The morphological evolution of the electrode surface is one of the primary challenges in 

commercializing such batteries. It is well known that electrode surfaces in Li anode-based LiBs are 

prone to dendrite formation, which lowers electrochemical activity and results in failure by 

producing electric short circuits. Numerous investigations have demonstrated that such dendritic 

growth is not observed in Mg-based batteries. 

Understanding the issues about interface stability and progressive morphological changes that take 

place during repeated cycles of stripping and deposition is one of the key aspects of developing better 

batteries. Lautar et al. [49] used DFT and KMC simulations to analyze the energetics and its impact on 

the growth mechanism on magnesium for different surface orientations to investigate the connection 

between the morphological evolution and surface orientation. They performed DFT calculations to 

estimate work functions, rate of surface adsorption, interaction energies, and energy barriers for 

diffusion, which they used as an input for KMC simulations of the diffusion processes. Their research 

demonstrates considerable variation in the energy barriers and, consequently, in the diffusion 

processes and morphological evolution for different surface orientations. Their findings support the 

idea that closely packed surfaces have lower surface energy than more open surfaces. They also 

discovered that higher adsorption is observed on less stable surfaces with weaker atomic 

coordination. They used the KMC simulations to study the surface dynamics as a function of relaxation 

time τ (the duration the system evolves to the relaxed configuration starting from an initial random 

configuration). Their results indicate the tendency of the deposition to exhibit epitaxial growth. 

A rechargeable battery’s charge and discharge rates are often constrained by the shuttled 

cation’s diffusion coefficient between the electrodes. The identification of intercalation compounds 

with high guest cation mobilities has become a topic of interest since the structural and chemical 

properties of the electrode material highly impact cation diffusion coefficients. Spinel intercalation 

compounds are attractive materials for many metal-ion cell chemistry (Li, Na, and Mg). Kolli et 

al. [50] reported a thorough analysis of the diffusion of guest metal cations (i.e., Li, Na, or Mg) inside 

these materials. A strong influence of concentration on the diffusion coefficient of cation was 

investigated using KMC simulations. In spinel compounds, guest metal cations favor octahedral 

sites, and they methodically explored cation transport in intercalation compounds within the face-

centered cubic anion sublattice. They calculated cation diffusion coefficients using KMC simulations 

to determine the crystallographic and chemical causes for the substantial concentration depend-

ency of diffusion coefficients of the cationic species in the spinel compounds. Their simulations 

showed that an intercalation compound’s guest cation diffusion coefficient decreases sharply at 

intermediate-to-high concentrations of the cationic species, an undesirable property for batteries. 

They also found that the diffusion path of the cationic species within a host with a close-packed 

anion sublattice happens through a series of hopping mechanisms between octahedral and 

tetrahedral sites. This study uncovers important insights about diffusion within spinel compounds 

that may be very important in the design of electrodes with enhanced transport properties. Table 2 

summarizes the research works using KMC for studying battery materials and their processes. 
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Table 2. Summary of computational studies of Li and non-Li advanced batteries by KMC simulations 

Materials/systems Computational tool Highlighted features Reference 

Li-ion KMC Surface heterogeneity in graphite anodes [51] 

Li-metal (electrode) KMC 
Passive layer formation on metallic lithium 

anodes 
[52] 

Li-metal (electrode) 
KMC- embedded 
atom technique 

Effect of Li-atom deposition and its role 
onto the diffusion on the anode surface. 

Governing mechanisms under the 
operating condition and modification of 

the structural properties Li-anode 

[48] 

Li and Na mixed poly-
anion solid electrolytes 

KMC & GCMC 
Enhanced Na-ion mobility in doped 

NASICON 
[53] 

Zn (electrode) DFT & KMC 
Aggregation of Zn during electro-

deposition with Li+ at the initial stage 
[54] 

 

Artificial intelligence and machine learning 

Artificial intelligence (AI) and machine learning (ML) are the most important pillars of the fourth 

paradigm [55,56] in materials discovery. These tools leverage vast amounts of available data and 

algorithms to automate decision-making, uncover hidden patterns and relationships, and enable 

predictions and optimizations at much faster rates than previously possible. By incorporating these 

advanced technologies, materials scientists and engineers can discover new materials faster, predict 

their properties more accurately, and design and synthesize more efficient materials for diverse 

applications. A few examples of how ML can be leveraged are. 

● Material property prediction: ML algorithms can be trained for the prediction of properties 

of new materials based on their chemical structure or composition, reducing the need for 

time-consuming and expensive experimentation [57-59]. 

● Automated discovery: ML algorithms can be used to systematically analyze very large 

amounts of data generated from experiments and simulations, identifying/designing new 

materials with desired properties more efficiently and accurately. AI & ML can also be used 

to design new materials with new properties by optimizing their chemical composition or 

structure [60-62]. 

● Material synthesis optimization: ML algorithms can be used to find optimal synthesis and 

processing conditions for materials to obtain desired properties, better yield and reduce 

waste [63,64]. 

In the context of batteries, ML and AI are being used to optimize and improve various aspects of 

battery design and production. For example, these technologies are invaluable in predicting the 

performance and stability of new battery materials [65,66], reducing the need for time-consuming 

and expensive experimentation. Additionally, ML algorithms can be used to analyze large amounts 

of data generated from battery testing and simulations [67], uncovering patterns and relationships 

that would be difficult or impossible to detect otherwise, thereby developing new materials with 

superior properties and improving the manufacturing process of batteries, production efficiency, 

and reducing costs. Overall, the integration of ML and AI in battery research and development 

enables faster, more accurate, and cost-effective material discovery and optimization. 

Data-driven materials discovery and process optimization are indispensable tools for analyzing 

theoretical and experimental data. They establish essential structure-property relationships in 

materials. Current approaches in this direction typically combine high-throughput screening [68] 

and aim to identify new active electrodes and electrolyte materials for upcoming high-performance 
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batteries. ML techniques can be broadly classified into three categories: supervised, unsupervised, 

and reinforcement learning. 

Supervised learning  

Supervised learning techniques are the most used algorithms in battery research, particularly in 

materials discovery. Supervised approaches employ labeled datasets (inputs with corresponding 

outputs). Within the class of supervised ML, it is customary to differentiate between regression and 

classification. While classification bins the dataset in discrete classes. In contrast, regression is 

suitable for continuous values. 

All ML algorithms intrinsically rely on data. Higher amounts of data lead to, in general, more 

accurate models. The data quality is an absolutely important factor since they might lead to 

misleading ML predictions (e.g., problems caused by unreproducible data or error-infested data). 

Supervised ML algorithms map the input space to the output space by building a mathematical 

model that uses data to fine-tune the model parameters during training. One of the most prominent 

studies aimed to determine the factors influencing the high conductivity of the Li-ions in the solid 

oxide electrolytes having garnet-like structures (Kireeva et al. [69]). Solid electrolytes increase 

energy density by reviving the use of metallic Li anodes and alleviate much concern of liquid 

electrolytes typically used in commercial LIBs: toxicity, flammability, and limited electrochemical 

window. Their entire dataset, when combined with descriptors that encode information about the 

materials’ production, had 168 compounds. To assess the Li-ion transport properties of the data and 

establish the composition-structure-ionic conductivity correlations, support vector machines (SVM) 

were employed in a regression analysis. Following that, the model was utilized to scan garnet-

related structures for viable compositions and offer a bird’s eye perspective of the solid electrolyte 

materials space, which is appealing for virtual screening, as shown in Figure 5.  

 
Figure 5. Chemical space visualization displaying viable garnet-type materials with potential for application 

as solid electrolytes [69]. Copyright 2017. Reproduced with permission from RSC 
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Manna et al. [70] used compositional factors inside ML tools to predict the specific capacity 

achievable for different potassium battery electrode materials. They employed various ML models: 

SVM, ExtraTrees Regression (EXR), and Kernel Ridge Regression (KRR). After considering 2118 data 

points of Li, Na, and K ion battery data from the Materials Project database [71] (of which 69.53 % 

are Li, 22.41 % are Na, and 8.06 % are K ion battery data) as the training set, they calculated the 

number of intercalated K ions inside the formula unit of the electrode by replacing the Li and Na 

with K based on the specific capacity values obtained. The stability of the intercalated electrode 

materials was then investigated using DFT simulations. Their findings demonstrate that ML 

algorithms can identify suitable electrode materials with high specific capacities without the high 

computational costs associated with DFT-based screening investigations, which is essential for 

effective battery technology. 

Unsupervised learning  

Even though supervised learning methods have been extensively applied in battery research, 

unsupervised learning methods have been relatively less explored. However, these algorithms provide 

us the opportunity to extract high-quality information about a battery system, with several 

automatically determined features that may provide deeper insight into battery performance. 

Unsupervised ML algorithms use a dataset without labels and are tasked with clustering or 

associating the inputs. A clustering algorithm groups unlabeled data points into different groups 

based on their similarities and differences. The members of a group (or cluster) have the most 

similarity with each other. There are several clustering algorithms, such as K-means clustering, 

hierarchical clustering, and probabilistic clustering. On the other hand, association algorithms 

develop rules to find relationships between the points in a dataset. There are various association 

algorithms that exist, such as the Apriori algorithm, Eclat algorithm, and the Frequent Pattern (FP)-

growth algorithm. 

For solid-state lithium-ion conductors (SSLCs), Zhang et al. [72] used an unsupervised learning 

scheme and representation based on Bragg’s law. This was used to map the three-dimensional (3D) 

periodic crystal lattice for the anion into a set of modified X-ray diffraction (mXRD), which was 

unique for the lattices of each anion. They represented 2986 compounds containing Li. They 

generated an unsupervised model using agglomerative hierarchical clustering and used them for 

grouping the mXRDs using a bottom-up approach for training. The model produced 7 groups and 

exhibited good quality clustering of known SSLC materials found using this scheme: with two clusters 

at the center having high room-temperature (RT) Li-ion conductivity (σRT) around 1 to 10 mS cm-1. 

From the 2986 compounds that they started with, only 82 unique compounds were selected for MD 

simulations. Through the MD simulations, three new material systems, Li8N2Se, Li6KBiO6, and Li5P2N5, 

were found to have a σRT exceeding 10 mS cm-1, better than the best-known SSLCs. These new SSLCs 

comprise new structures and chemistries, showing unsupervised learning algorithms' power. 

Chen et al. [73] used a novel end-to-end unsupervised ML scheme for more effective prediction of 

Na-ion battery life and failure using only the raw images of the charge-discharge voltage profiles. Li et 

al. [74] used an unsupervised data-driven technique to detect battery thermal anomaly by comparing 

the similarities in shape between thermal measurements. They clustered the measurements into 

groups based on their shape, and anomalies were detected by monitoring their deviations within the 

clusters. Their method was found to be more accurate than onboard battery management systems 

(BMS) and is also highly robust as it requires minimal reference data and is not affected by data loss. 
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Specific adaptation of computational approaches to battery chemistries  

In LIBs, energy storage is essentially achieved through several chemical and electrochemical 

reactions, eventually making it possible to release the energy for later use. For optimization of such 

a system, different properties should be measured and considered as affecting parameters. 

However, all the ongoing reactions and occurring processes are not easily observable in a 

convenient way. Therefore, scientists have created several electrochemical models to detail the 

physical and chemical processes occurring in a battery to optimize its performance. These models 

strongly depend on the type of battery, materials, and design parameters of the system. In this part, 

we are going to discuss recent advances in the computational approach to better understand 

systems-level metrics of high-performing lithium batteries. 

For the first time, in the 1970s, LIB was conceptualized and was commercially available around 

1991 [75]. Generally, they consist of a graphite anode, separator, metal oxide cathode, and an 

electrolyte, a pathway for the lithium ions to go back and forth from the anode to the cathode 

through insertion chemistry [76]. A limited number of macroscopic variables, such as voltage (V), 

current (A), and temperature (T), can be measured in a non-destructive way and used in theoretical 

modeling. “Continuum models,” which consider physical characteristics to understand better the 

physicochemical processes such as Fick’s laws of diffusion, kinetics, and thermodynamic equations, 

are applied in a simplified way to simulate different aspects of a cell. Equivalent circuit models (ECM) 

are essentially a simplistic representation of a battery consisting of resistance and capacitors. In 

such a system, the underlying mechanisms of the electrode should be modified to a more 

comprehensive parameter until it satisfies the real experimental data [77]. By doing so, the state of 

health, state of the charge, or state of the capacity of the battery by the passage of time can be 

determined. For example, in a comprehensive study, four commonly used types of lithium-ion 

batteries, including lithium iron phosphate (LFP), lithium manganese oxide (LMO), lithium nickel 

manganese cobalt oxide (NMC), and lithium nickel cobalt aluminum oxide (NCA) is taken into 

account and the three types of equivalent circuit models (ECM), based on orders, (e.g., first and 

second order ECMs) and a hybrid first-order ECM coupled with hysteresis are investigated to 

compare the accuracy of the result with real experimental data. They found that for LFP and NCA, 

the best-applied model is 1RC with hysteresis ECM, and for NMC and LMO, it was the 1RC ECM [78].  

Monovalent (alkali) metal ion batteries 

The first group column from the periodic table, except H, indicates alkali metals (AM). Among 

them, Li, Na, and K are considered here for alkali metal ion batteries because other alkali elements, 

such as Rb, Cs, and Fr, are rare/expensive/unstable elements. These elements contain a single 

electron in their last shell, which will be lost during the electrochemical reaction to give alkali metal 

ions. These ions then flow towards the cathode through an electrolyte and released electrons flow 

through the outer electronic circuit to cause an electric current. However, electrochemical reactions 

occurring in batteries involve multiple reactions, several physicochemical changes, and side 

products, which mostly downgrade the performance and capacity of the batteries over the period. 

Thus, understanding these reactions is necessary to overcome these issues. 

Li-S battery 

Researchers have intensively studied lithium-sulfur (Li-S) batteries due to their high energy 

density (2500 Wh kg-1) and theoretical capacity of 1672 mAh g-1 [79,80]. A few problems, like the 

insulating nature of the sulfur element and its reduction product Li2S, lead to low sulfur utilization. 

Moreover, during lithiation, the cell experiences a significant volume expansion, resulting in the 
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pulverization of active material sulfur [81]. To address those issues, computational approaches have 

been developed to study the reduction and oxidation reactions taking place in the battery. 

One of the first mathematical models reported in lithium-sulfur was developed by Mikhaylik and 

Akridge [82]. A zero-dimensional model quantifies the polysulfide shuttle effect during charge and 

discharge. The model is based only on two-step reactions, the high plateau from S8 to Li2S4 

(419 mAh g-1) and the lower plateau from Li2S4 to Li2S2 (837 mAh g-1). This model accounts for heat 

generation because of the shuttle effect. 

Similarly, Moy et al. [83] expanded the Nernst equations of Mikhaylik and Akridge’s model by 

implementing intermediate reaction steps, Equations (1)  to (6):  

S8 + 2e- + 2Li+ ↔ Li2S8 (1) 

3Li2S8 + 2e- + 2Li+ ↔ 4Li2S6 (2) 

2Li2S6 + 2e- + 2Li+ ↔ 3Li2S4 (3) 

Li2S4 + 2e- + 2Li+ ↔ 2Li2S2 (4) 

Li2S4 + 6e- + 6Li+ ↔ 4Li2S (5) 

Li2S2 + 2e- + 2Li+ ↔ 2Li2S (6) 

The objective of this model was to measure the shuttle effect rates and predict capacity fade. 

However, the model calculates the rate of the shuttle by holding the cell at a constant voltage, which 

limits its application. 

Kumaresan et al. [84] developed a one-dimensional model for Li-S batteries. Along with time 

evolution and spatial distribution of polysulfide precipitates, the impact of variations in the 

separators and cathode’s porosity is also considered by Kumaresan’s model. Therefore, the 

Kumaresan model is helpful as it provides a simple yet accurate way of predicting the behavior of 

lithium-sulfur batteries. It can be used to design better battery management systems and optimize 

these batteries’ performance in real-world applications. However, like all mathematical models, it 

has its limitations, as it only considers the transport of lithium ions through the electrolyte in one 

direction (i.e., from the anode to the cathode). This simplification allows the model to be solved 

more efficiently and quickly. Still, it also means that the model may not be as accurate as more 

complex models that consider the transport of lithium ions during the charging process. 

A similar model was created by Neidhardt et al., which simulates the precipitation of polysulfides 

at various solid-liquid interfaces [85]. This model tracked the interactions between sulfur and 

electrolyte, carbon electrolyte, and precipitate and electrolyte separately. Instead of utilizing the 

Butler-Volmer kinetics approach, the researchers employed potential-dependent mass action 

kinetics to describe the rate of electrochemical reactions. Using this framework, they created a 1D 

model that could predict the charge-discharge voltage curves and impedance spectra. 

The findings suggested that the presence of solid phases (product and reactant) in interaction 

with dissolved anionic polysulfides influences the discharge performance of a lithium-sulfur cell. 

Furthermore, the model predicted an uneven phase formation and dissolution behavior during cell 

cycling (charging and discharging) and higher over-potentials. 

Marinescu and coworkers developed a zero-dimensional model for predicting the behavior of a 

lithium-sulfur cell during charging and discharging [86]. The model considers two electrochemical 

reactions through the mathematical formulation of the Nernst equation, Butler-Volmer kinetics 

dictated power limitations, and precipitation/dissolution of chemical species [87]. The model shows 

that the low-voltage plateau’s flat shape, typical in the discharge of a lithium-sulfur cell, is caused 
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by precipitation. On the other hand, during charge, the model predicts that dissolution can act as a 

bottleneck, limiting the amount that can dissolve at large currents. 

Li-Si battery 

Silicon is one of the most promising anode materials for Li-ion batteries owing to several 

advantages such as high specific capacity, its high abundance (28 %, second most among all elements; 

oxygen being first at 47% on a mass basis) in an earth’s crust, and its low cost. Despite many 

advantages, commercialization of silicon-based Li-ion batteries is hindered due to key issues like high 

volume expansion during charging and discharging and its innate poor electrical conductivity [88,89]. 

To overcome these issues, many approaches, such as the use of nanocomposite Si [90,91], and the 

use of morphologically modified nanostructures such as porous Si [92-94], Si nanowires [95], core-

shell structures [96,97], hollow nanoparticles [98,99] are reported to date. However, obtaining 

ultrafast chargeable and long-term stable Si anode material is still challenging. The main challenge 

arises during the intercalation process [89] when the silicon anode experiences a large volume 

expansion 300 % owing to a large intake of Li per Si atom. Such a huge volume expansion creates 

enormous stress on its structure and leads to mechanical failure/fracture. This further causes 

electrolyte decomposition by providing direct contact with the Si anode and electrolyte.  

Chan et al. [101] and Jung et al. [102] showed that the process of lithiation and delithiation of 

crystalline Si is anisotropic and favors (110) surface over (100) and (111) surfaces due to its small 

interfacial energy at the interface of amorphous LixSi/crystalline Si. This promotes lithiation behind 

the interface and causes volume expansion along <110>. The amorphization process of Si and 

diffusion of Li ions during cycling plays an important role in the performance of the Si anode. Pan et 

al. calculated the average coordination number (CN) for the interaction of Li ions in amorphous Si 

and suggested that stress can increase Li ion diffusion either by increasing free volume under tension 

or by changing local structure during compression [103]. Choi et al. [100] found that Li-ion diffusion 

in c-Si follows tortuous diffusion pathways and the degree of the tortuosity varies with the 

orientation of Si. Thus, Li-ion diffusion through Si<110> tends to take a less winding path to move a 

particular distance when compared with diffusion through Si<111>. The Li ions diffusion pathway 

that migrates through the different lattices is shown in Figure 6.  

 
Figure 6. Magnified views of Li diffusion at the interfacial region of the  

(a) a-Li/Si<110> and (b) a-Li/Si<111> diffusion couples [100] 
Copyright 2017. Reproduced with permission from Springer Nature 
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The interface of Si/LixSi plays a crucial role in volume expansion and studying the factors affecting 

its nature and mechanical strain distribution during the lithiation process will be beneficial to 

alleviate pulverization of Si anode. Wang et al. [104] showed that the presence of LiF on LixSi at x>1 

leads to the formation of delocalized stable voids, which allows the interface structure to deform 

plastically. However, tightly bonded Li2O to LixSi is stiffer and causes rigid deformation across all x. 

Thus, the presence of a higher amount of LiF enhances the ductility of the SEI layer. 

Jiang et al. [105] carried out quantitative analysis by proposing a zero-dimensional mechanistic 

model of Si anodes for LIBs and showed that a slower crystallization rate leads to the abrupt 

exponential growth of crystalline silicon, while increased crystallization rate gives a sigmoidal 

profile. Figure 7 (a) shows the different voltage curves. Figure 7 (b) depicts that the sufficient 

increase in the surface energy barrier (E*) causes the elimination of higher voltage peaks from the 

differential analysis of Si anode and, therefore, other techniques will be necessary to analyze Li-Si 

chemistry. In addition, Figure (7 (c) and (d)) indicates the variation in the growth rate of crystalline 

and amorphous phases of Li-Si composition with the increment of surface barrier energy. These 

results confirmed the important role of higher surface barrier energy behind the poor performance 

of bulk Si anode compared to Si nanoparticles. 

 
Figure 7. (a) Voltage curves, (b) differential voltage curves, and molar fraction variation of (c) c-Li15Si4, and 

(d) a-LixSi at different values of surface energy barrier during discharge [105] 
Copyright 2020 Reproduced with permission from IOP Publishing Limited 
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Damle et al. [106] studied the structural stability of Si-CNT heterostructure as a function of Si 

configurations using the finite element method (FEM) and found that Si droplets configuration is 

more stable than continuous Si coating configuration due to reduced mechanical constraints. In 

another study, Dhillon et al. [107] used FEM to study a porous silicon-graphite composite electrode 

and found that at lower reaction rates, the electrode with high initial porosity is fully utilized prior 

to reaching cut-off potential. A comparison of the computational results with experimental 

observations revealed that the main reason for capacity fade is the increase in tortuosity in the 

diffusion pathway of lithium ions due to cracking of the silicon composite electrode upon 

electrochemical cycling. An experimental approach to enhance the electrical conductivity and 

mechanical stability of Si-composite anode was explored by Suh et al. [108], who used Co to obtain 

Si/SiOx/Co composite anode, which performed much better than pure Si due to good electrical and 

ductile property of Co. Surface coating is another strategy to provide additional mechanical stability 

to the Si anode which can avoid pulverization of Si by providing Li diffusion through an extra layer, 

and thus enhancement in the cyclic performance of the Si anode [109]. However, obtaining a thin 

and stable coating is challenging as the chemical composition and mechanical properties of this 

coating change during the cycling process. Kim et al. [110] constructed a reactive force field (ReaxFF) 

parameters to simulate the lithiation process for Si/Al2O3 and Si/SiO2 nanostructures and correlated 

the chemical and mechanical changes during lithiation and delithiation.  

They found an elastic modulus gradient created due to self-accelerating Li diffusion across Al2O3 

coating, which eliminates local stress concentration and crack propagation through Si electrodes. 

Gao et al. [111] used MD simulation to study alumina-coated Si nanowires (SiNWs) and suggested 

metal oxide-coated SiNWs ductility improved from 16  % to greater than 47 % without any reduction 

in the tensile strength. The enhancement during the lithiation process is caused by the absorption 

of strain energy from metal oxide to assist volume expansion and by increasing the rate of defect 

nucleation from the core-coating interface to prevent localized deformation. Shaung et al. [112], by 

performing large-scale atomistic simulations, successfully capture structural changes and volume 

expansion, which experimentally occurs on maximum lithiation of SiNPs, hollow a-SiNPs, and solid 

crystalline SiNPs. The authors found that the hollow a-SiNP has the highest fracture resistance and 

hence, it is the best configuration of Si to use as an anode for LIBs.  

Since electrical conductivity and mechanical stability are important properties of electrode 

materials, obtaining atomically thin 2D nanolayers as anode is more beneficial due to excellent 

electrical conductivity and mechanical robustness [113,114]. Silicene, a thin nanolayer of Si, is one the 

best anode materials owing to key advantages such as enough space for adsorption/migration of Li 

ions during the cycling process, low volume expansion, high mechanical strength and small diffusion 

energy barrier [115]. However, obtaining pristine flat Silicene is still challenging today as, unlike 

graphene, the radius of the Si is 1.8 times larger than that of C, which distorts the planar structure of 

the silicene and high reactivity of Si with O, which readily forms Si-O bond. To obtain a stable silicene 

structure, several strategies, such as the use of 2D/2D heterostructures [116], doping on silicene [117] 

and a few layered silicenes [118], have been proposed as anode for LIBs. Momeni et al. [119] used DFT 

to calculate Li adsorption energies and diffusion characteristics on doped silicene. Doping of silicene 

with B, N and P significantly increases adsorption energy, indicating higher Li storage. Further, N and 

P-doped silicene have lower surface diffusion barrier energy, while Al-doped has a lower vertical 

diffusion energy barrier. Galashev et al. [120] conducted an MD study to explore the cycling process 

of a bilayer of silicene-based anode on Cu substrate and the effect of vacancy-type defects on its 

performance. They found vacancy defects larger than bivacancy reduce the mechanical strength of 
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the silicene sheet, which ultimately increases deformation. Ipaves et al. [121] studied Al functionalized 

trilayer silicene by considering the thermodynamic stability of ABC-Si4Al2 for alkali metal ion batteries 

with AIMD simulations. Results suggest that diffusion barrier energy is like that of graphite, with an 

average OCV ranging from 0.14 to 0.49 V along with a high capacity of 645 mAh g-1 for Li4Si4Al2. In 

another study, Galashev et al. [122] found that vertical intercalation processes had smoother total 

energy change than horizontal intercalation. Rehman et al. [123] studied the anodic properties of 

hydrogenated silicene for the application of Li and Na-ion batteries. Based on PBE and HSE06 schemes, 

silicene showed a semiconducting nature with indirect bandgap and excellent adsorption strength. 

The diffusion barrier energies for Li and Na ions were 0.18 and 0.14 eV, indicating ultrafast diffusion 

channels and an average open circuit voltage of 0.42 and 0.64 V, respectively. With advantages such 

as enough adsorption/migration of Li ions, low volume expansion, high mechanical strength, and a 

small diffusion energy barrier, silicene is the best anode material for LIBs. 

Na-ion battery  

Li-ion batteries have been the most dominant player in the energy storage market for the last 

three decades due to their robust electrochemistry and high storage capacity. However, the 

increasing demands of energy storage devices, lack of Li resources and geopolitical distribution of Li 

salts are major concerns diverting materials scientists to consider an alternate option for Li. Sodium 

(Na) ion battery (SIB) is one of the best options to replace Li-dominated energy storage devices 

owing to several advantages. Firstly, sodium resources are abundant and available globally at low 

prices. Secondly, SIB chemistry is almost like that of LIB and hence, major changes on the production 

line will not be required. Compared with Li-ion, Na ion has a larger ionic radius, higher standard 

electrode potential vs. standard hydrogen electrode (SHE) and lower melting point [124]. As a result, 

phase behavior, diffusion coefficients and chemistry at the electrode-electrolyte interface 

significantly change for SIBs [125]. In addition to understanding Na-ion chemistry, the performance 

of the SIBs must not be limited to a narrow range of temperatures. The poor performance of SIBs at 

low temperatures is associated with sluggish electrochemical reaction kinetics, which causes 

unstable interfacial reactions [126]. Thus, to obtain SIBs with high capacity, it is necessary to find 

appropriate electrode materials with smooth Na-ion diffusion, good reaction kinetics and excellent 

thermal as well as chemical stability. The similarity in the chemistry of Li and Na allows the 

implementation of advanced strategies from LIBs to SIBs. 

As 2D nanomaterials can show high carrier mobility, good electrical and thermal conductivity, 

and excellent mechanical stability, most recent studies focus on designing new 2D nanomaterials. 

Recently, Gu et al. [127] studied 2D transition metal compounds to enhance the specific charge 

capacity of LIBs. Inspired by this study, Banerjee et al. [128] studied six Co-based anti-MXene (CoAs, 

CoB, CoP, CoS, CoSe, and CoSi) materials as potential anodes for SIBs. Authors report all these six 

Co-anti-MXenes to possess high specific capacity (390-590 mAh g-1), greater affinity, low average 

sodiation potential and smaller diffusion barrier energies. Wei et al. [129] studied a 2D vanadium 

boride (V2B2) as an anode for SIBs by using first principles. Their study showed V2B2 can adsorb 3 

layers of Na ions so that its capacity can reach a maximum of 814 mAh g-1. Further, its ability to 

maintain metallicity throughout the sodiation process indicates good conductivity and a very low 

diffusion barrier energy of 0.011 eV indicates an ultrahigh diffusion rate, which is necessary for high-

capacity batteries for vehicles. Moalla et al. [130] used DFT calculations to verify the application of 

a graphyne-like BN layer (BN-yne) as anode for SIBs. Authors suggested BN-yene accumulates 

maximum Na ion with Na4B2N2 configuration and cell voltage was found to increase from 1.70 to 
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2.10 eV under the influence of an electric field of -0.02 a.u. In another DFT study, Ye et al. [131] 

considered a 2D monolayer of C3N as anode for SIBs. Authors computed maximum theoretical 

capacity of C3N to be 543.89 mAh g-1 with low activation energy barrier of 0.112 eV and low average 

OCV of 0.83 V. Li et al. [132] used DFT calculations to study three composition of titanium zirconium 

metal carbides (TiZrCO2, Ti2ZrC2O2, and TiZr2C2O2) for potential application as an anode for SIBs. 

Their study showed all these three compositions store a double layer of Na on each layer and exhibit 

good capacities of 586, 441 and 375 mAh g-1, respectively. 

The potential application of Si as an anode for SIBs is found to be efficient only in the presence 

of some additives or with graphene-based interlayers. To understand the role of the Si/graphene 

interface for SIBs, Raghuvanshi et al. [133] investigated the Si/graphene interface using first-

principles calculations along with experimental results. They found the most stable position for Na 

ions in the Na-Si-graphene system is at the Si/graphene interface, where electrons transfer from Na 

to C and cause C to be more electronegative when compared with Si. The presence of a high 

concentration of Na at the Si/graphene interface is verified by depth profiling ToF-SIMS and thus 

validates the reason for an increase in the Na storage for the Na-Si/graphene system. Obeid et al. 

[134] considered the 3D network of 2D biphenylene nanoribbons as an anode for SIBs using DFT and 

MD. They found the presence of pz-orbitals (π-bonds) on sp2 carbon atoms throughout the network 

leads to excellent metallic nature. HexC28 can deliver specific gravimetric and volumetric capacities 

of 956 and 1109 mAh mL-1, respectively, with little volume change and a lower diffusion barrier. Zhou 

et al. [135] used first-principles calculations to study the properties of haeckelite hexagonal monolayer 

as an anode for SIBs. The presence of a large radius heptagon causes smooth Na ion adsorption on 

the monolayer with a low diffusion barrier of 0.30 eV. The calculated storage capacity is 116.71 mAh 

g-1 with a small open circuit voltage of 0.37-0.16 V. 

The presence of defects in the structure can change the electronic properties of the materials. 

Therefore, to study the properties of defected graphene quantum dots (dGQDs) as anodes for SIBs, 

Daryabari et al. [136] used DFT calculations. Authors considered the interaction of Na atom/ion with 

various defects such as F3.Gr, F3H3.Gr, N3.Gr and N3H3.Gr and suggested that the extent of charge 

transfers between Na atom/ion and dGQDs varies with elements at the defect site. Additionally, 

they suggested that F-doped defects deliver cell voltages of 1.54-1.58 V, which is higher than that 

of N-doped defects having cell voltage of 0.58-0.61 V. 

Obtaining high-voltage stable cathode materials for SIBs is equally important as charge storage 

capacity and the final potential difference between the anode and cathode signifies the energy 

density of the battery. Unlike LIBs, where the presence of Co is essential for good performance of 

cathode materials like CoO2, cathodes for Na-ion batteries can be made without use of Co and thus 

can be cost-effective. Chu et al. [137] provided a comprehensive summary of the experimental study 

of Co-free cathode materials for SIBs. 

Phosphate-based cathodes are more favorable for SIBs due to their high structural stability. To 

understand the Na-ion transport mechanism and important properties of vanadium phosphate 

cathode materials, Aparicio et al. [138] used DFT calculations along with MD. Authors reported that 

Na ion mobility is highest for αI-NaVOPO4 polymorphs with the least activation energy of 0.32 eV 

when compared with α-, β- NaVOPO4 polymorphs with activation energies of 0.35 and 0.51 eV, 

respectively. Further, partial doping of vanadium with other metals significantly increased the cell 

potential of α-, β- NaVOPO4 polymorphs compared to αI-NaVOPO4 polymorph. Due to stability and 

high electrode potentials, the manganese-based NAtrium SuperIonic CONductor (NASICON) type 

phosphate framework is most favored for “rocking chair” batteries. Snarskis et al. [139] used DFT, 
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cluster expansion and semi-grand canonical MC methods to study the thermodynamics and phase 

formation of NASICON-type Na1+2xMnxTi2-x(PO4)3 (0.0 ≤ x ≤ 1.5) electrode materials for SIBs. Their 

results indicate the existence of three phases, stoichiometric Na3MnTi(PO4)3, NaTi2(PO4)3 for x < 1.0 

and NaMnPO4 for x > 1.0 at all temperatures. Additionally, the presence of a strong anti-bonding 

character and strong hybridization between Mn(3d)-O(2p) makes it a weaker bond than the Ti-O 

bond, which governs Mn-based NASICONs stability. 

Gurmesa et al. [140] used first-principles calculations to study Na2MnSiO4 structure under the 

influence of biaxial tensile and compressive strain. The author suggested changes in band gap 

energy with respect to applied biaxial tensile strain or compressive strain, indicating strong coupling 

of the p-d(σ) bond for the O-Mn bond. Moreover, tensile strain causes a reduction in activation 

energy and, hence, enhancement in Na ion diffusivity, which is beneficial for fast rechargeable SIBs. 

Peng et al. [141] carried out the experimental and computational study of Al3+ doping in O3- type 

layered NaNi0.5Mn0.5O2 cathode material. Authors reported an enhancement in the retention 

capacity of electrode material as Al3+ doping leads to reinforcement of metal-oxygen bonds and 

reduction in diffusion barrier energy for Na ion. The calculated energy density for a full cell with 

commercial hard carbon was 213.5 Wh kg-1
.  

K-ion battery 

Potassium (K) ion batteries (KIBs) are another alternative option to replace LIBs due to several 

advantages: enhancement of K-ion diffusion through solvents as smaller stokes radius, cost-effective 

as Al can be used as a current collector, and the possibility of high voltage battery [142-144]. Despite 

these advantages, the large ionic radius of K-ion causes poor performance with low capacity, poor 

rate performance and fast capacity decay over time [145]. Additionally, compared with Li and Na, 

the high molar mass of K significantly reduces the energy density of the KIBs. With the use of 

computational and experimental techniques to overcome challenges associated with KIBs, it is 

necessary to understand the failure mechanism and chemistry of K-ion with current electrode 

materials so that further chemical and structural modifications can be applied to obtain superior 

electrode materials. Additionally, considering various computational techniques and modeling, 

potentially stable and robust electrode materials can be found for KIBs. 

Chengxi Zhao et al. [146] examined the nitrogen (N)-doped CNTs (N-CNT) and the effect of tubular 

size on the adsorption capabilities of Li+ and K+ at the doping site and their penetration. A compre-

hensive investigation of the adsorption complexes' electronic structures, adsorption energies, and 

minimum-energy routes for alkali metals (AM) migration through these defects was performed using 

DFT. They believe that the pyrrolic-N defects perform better than the pyridinic counterparts in Li+ and 

K+ battery systems, allowing easier passageways of Li+ and K+ through these defects. This is the 

opposite in graphene-based systems where the pyridinic defects are better than pyrrolic ones [147]. 

Their studies proved that the curved walls of N-CNT favor the pyrrolic defect. In CNT-based metal ion 

batteries, both external and internal CNT surfaces participate in Li and K ion storage, with the former 

playing a larger role in the performance. As mentioned earlier, N-doping is a widely accepted approach 

to improve the AM-CNT binding affinities, henceforth enlightening the battery performance. In this 

study, Li and K ion binding with 3 types of N-doping sites named graphitic-, pyridinic, pyrrolic- in three 

different tube sizes: (8,0), (10,0), and (12,0) is explained in Figure 8. This study paves a path for 

improving battery performance metrics [146]. 

Yu et al. [148] used high throughput computational screenings to study and explore the multiple 

KIBs anode materials. The Material Project database was used to study the conversion and alloying 
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reactions of KIB anode materials. For the theoretical capacity and reaction potential calculations, they 

use the grand potential diagrams. From their Material Project database calculations, they concluded 

that the Si, Sb P, and As anodes showed high capacities.  

 
Figure 8. Different adsorption configurations of K/Li on pristine, NQ, N6 and N5 CNTs. Shown here are the 

optimized adsorption complexes for the K atom on (10, 0) CNTs [146] 
Copyright 2019, Reproduced with permission from RSC 

Additionally, their results confirmed that the phosphides usually display a comparatively inferior 

reaction potential compared to oxides and sulfides. There are eighteen binary compounds that 

showed low reaction potential and high theoretical capacity (0.7 V, greater than 450 mAh g-1, 

respectively) that were thought of as promising KIBs anode materials. In specific, V3S4, CuP2, ZnP2, 

NiP3, SiP, Nb3S5, CoP3, Ga2O3 Bi2O3, showed high theoretical capacities. The reaction potential and 

theoretical capacities are shown in Figure 9. The alloy-type compounds P, Sb, Bi As, Si, and Ge showed 

higher capacities than the conventional graphite (C) anodes. Screening helped to identify eighteen 

binary compounds (four oxides, six sulfides, and eight phosphides) with high capacity and lower 

reaction potential. Amongst these phosphides, higher capacities were observed for SiP CuP2 and ZnP2 

(681, 712 and 842 mAh g-1) with average potentials of 0.60, 0.50 and 0.51 V, respectively. In the case 

of sulfides, Nb3S5 and V3S4 exhibited capacities of 611 and 763 mAh g-1 with average potentials of 0.69 

and 0.61 V, correspondingly. Among the oxides, Ga2O3 and Bi2O3 showed high theoretical capacities 

of 690 and 524 mAh g-1, respectively. Usually, the alloy-type material with high theoretical capacities 

showed unusually high-volume expansion to the tune of 200 to 600 %, which could result in capacity 

degradation during continuous charging-discharging cycles. Consequently, volume expansion control 
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buffering matrices like CNTs, MOFs, and COFs may be implemented to prevent these excessive volume 

changes [88] or the anode materials having reasonable theoretical capacities with little volume 

expansion need to be explored [148]. 

 
Figure 9. Potassium ion battery anodes (PIBs): reaction potentials and theoretical capacities of binary 

compounds: A, ZnP2; B, CuP2; C, SiP; D, NiP3; E, CoP3; F, V3S4; G, Nb3S5; H, Bi2O3; and I, Ga2O3 [148] 
Copyright 2019. Reproduced with permission John Wiley and Sons 

Multivalent metal-ion batteries  

Cost reduction and increased power densities are crucial to the growing market acceptance (like in 

EV technologies). The alkali metal ion (monovalent) batteries, e.g., lithium and sodium, have become 

a mainstay for current energy storage devices due to their high-power density, longer cycle life, and 

good rechargeability. However, they have some critical downsides, such as safety issues, reliability, 

and high cost. There is an urgent need for potential alternatives that can fulfill the requirements of 

improved safety, lower cost, better sustainability, and natural profusion. Multivalent ion (Al3+, Ca2+, 

Mg2+, and Zn2+) batteries, which consist of an intercalation cathode and a multivalent metal anode, 

have recently gained extensive research interests because of their low cost (huge natural abundance) 

and better capacity. The comparison between capacities (both gravimetric and volumetric) and the 

natural abundance of different battery systems are shown in Figure 10.  

The key factor for material modeling is to explore the nature of processes occurring during the 

charge-discharge cycles, which is directly related to the ionic diffusion of electrode and electrolyte 

materials. MD simulation is one of the most feasible approaches to determine the ionic diffusion of 

the materials. OCV is equally important and can be optimized using electronic structure calculation.  
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Figure 10. Comparison between volumetric and gravimetric capacities, standard reduction potential Vs NHE, 

and natural abundance of different metal electrodes used for battery application [149] 
Copyright 2016, reproduced with permission from John Wiley and Sons 

To find out the cost-effective and promising material for multivalent-ion batteries, several 

theoretical investigations have been performed in recent years [150]. The layered compounds in the 

Materials Project database were screened and DFT calculations were performed by Zhang et al. 

[151], resulting in over 20 distinct types of promising candidate materials as cathode for multivalent 

batteries. The flowchart is also shown in Figure 11. 

 
Figure 11. Flowchart for the screening process for promising multivalent cathode materials [151] 

Copyright 2019, reproduced with permission from ACS publication 
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In the following subsections, we will discuss the computational approaches for aluminum-ion 

batteries (AIBs), magnesium-ion batteries (MIBs) and zinc-ion batteries (ZIBs) separately.  

Aluminum-ion battery 

To identify promising electrode materials for aluminum-ion batteries (AIBs), theoretical research 

based on first-principles simulations within DFT formalism has gained interest in recent years. Pal et 

al. [150] did a thorough review of the performance and mechanical understanding of AIBs in the post-

LIB arena. The kinetics of Al insertion into alpha-MnO2, a potential cathode for AIB, have been 

predicted using the climbing-image nudge elastic band (C-NEB) approach by Alfaruqi et al. [152]. To 

comprehend the underlying rationale for the usage of the graphite cathode for enhancing 

performance of AIBs, several computational experiments using DFT have been investigated by Li et al. 

[153]. Theoretical investigation of the crystal structure through first-principles calculations and the 

intercalation- deintercalation mechanism of Al ions in the AIBs were carried out by Wang et al. [154]. 

In this battery system, long cycle life, low cost, and good capacity are attained. After 100 cycles, the 

discharge capacity is still 116 mAh g-1 at a current density of 50 mA g-1. The multi-valent battery can 

store a large number of charges and increase specific capacity in comparison to monovalent batteries. 

Magnesium-ion battery 

Magnesium has limited ductility due to its hexagonal crystal structure. The brittle characteristic 

of magnesium is a significant barrier to overcome in fabricating suitable thin foils for anodes in 

batteries. By adding modest amounts of doping elements, Mg’s ductility can be improved. To reduce 

Mg brittleness, Vincent et al. [155] did a computational screening of 34 known dopants for Mg. It is 

important to know which of them are stable in bulk without modifying the electrochemical 

properties, and it was found that only 12 out of the 34 fit this condition. In another study, the use 

of beta-Sn and Bi as potential anode materials for the MIBs was investigated by Jin et al. [156] using 

the DFT simulations. For an isolated Mg ion, it was found that diffusion barriers in Sn and Bi are 0.43 

and 0.67 eV, respectively. As Mg-Mg ions interact in Sn, the diffusion barrier rises for an isolated Mg 

ion from 0.43 eV to 0.77 eV. However, the diffusion barrier in the Bi did not appear to have changed. 

From the dynamic simulations and the calculated energy barriers studies, they found that Bi is a 

better anode choice with faster charge/discharge rates for the MIB than beta-Sn. The computed DFT 

studies by Sivaraman et al. [157] showed that the MIBs with the graphyne-like boron nitride (G-

BNyen) cathode had a larger internal energy change and higher cell voltage values when compared 

to carbon nanomaterials. The calculated maximum theoretical capacity of G-BNyen was 

939.16 mAh g−1. The findings were assessed in terms of charge transport, structural, energetic, and 

electrical features and offered suggestions for building better anode materials with higher MIB 

capacity. Qu et al. [158] applied computational design using first principles and benchmarked 

classical MD simulations to execute chemical modifications and mutations on the bis(trifluoro-

methane)sulfonamide(TFSI) anion. Based on their findings, only two novel anions out of 15 novel 

electrolyte salt anions formed from TFSI with the substitution of sulfur atoms in TFSI and the 

modification of functional groups were prospective candidates for MIBs. These theoretically created 

electrolyte salts for MIBs offer information and direction for the synthesis and testing of innovative 

liquid electrochemical systems. 

Zinc-ion battery 

Due to their affordability, high level of safety, and high theoretical capacity, rechargeable ZIBs 

have a lot of potential for energy storage applications [159]. However, during the charge/discharge 
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process, divalent zinc ions experience strong electrostatic interactions with their host materials, 

which causes slow reaction kinetics. Therefore, it is crucial to enhance ZIB reaction kinetics to 

improve electrochemical performance. In their review, Tan et al. [160] explained the relationships 

between electrode/electrolyte characteristics, kinetics and intrinsic mechanism of the reactions, 

theoretically computed Zn-ion migration pathways, energy barriers and related electrochemistry of 

ZIBs. It also offered a perspective on the difficulties and opportunities in enhancing the reaction 

process kinetics, which can provide an in-depth understanding of the charge-storage mechanism of 

ZIBs and useful guidelines for the development of batteries with fast kinetics for the future. 

According to the current research by Wu et al. [161], 2D ultrathin VSe2, which is superior to that 

of other layered transition metal dichalcogenides, can be an interesting consideration as a cathode 

material for ZIBs with the remarkable zinc-ion storage ability and exceptional battery performance. 

DFT simulations revealed a significant metallic signature and an ideal zinc-ion diffusion channel with 

a 0.91 eV energy barrier for the hopping mechanism. 

Spinel, a porous substance, is becoming a more significant electrode material for different 

batteries. Despite this, they have several issues when employed as cathodes in batteries, including 

limited ion diffusion and significant expansion. With an accuracy of 91.2 %, Cai et al. [162] initially 

picked 18 spinel candidates that met the MIB and ZIB requirements out of the 3,880 spinel materials 

using DFT and AIMD methods. After a successful screening process, finally, six spinel structures 

(MgNi2O4, MgMo2S4, MgCu2S4, ZnCa2S4, ZnCu2O4, and ZnNi2O4) were identified as new, high-

performance Mg/Zn cathode materials.  

Metal-air batteries 

Recently, metal-air batteries have gained popularity due to their high energy densities, cost-

effectiveness, and lesser weight than other metal-ion batteries [163,164]. They offer unparalleled 

energy density and, if harnessed to their fullest potential, can offer breakthroughs in diverse 

applications [165]. If commercially realized, they are likely to cause market disruptions in the areas of 

defense [166,167], aviation [168], road transportation (EV, hybrid), medicine, consumer electronics, 

etc. just to name a few. They are likely to catalyze some virgin application areas, unforeseen as of now. 

Figure 12 represents the schematic of a metal-air battery. During discharge, metal oxidation happens 

at the anode and reduction of oxygen from ambient air occurs at the cathode.  

 
Figure 12. Schematic of metal-air battery  

The redox reactions are as presented by Equations (7) and (8): 

Anodic reaction: M  Mn+ + ne- (7) 

Cathodic reaction: O2+ 4e- +2H2O  4OH- (8) 
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where M is a metal and n is the oxidation number of that metal. While charging, a reverse reaction 

occurs where metals are plated on the anode and gaseous oxygen is evolved at the cathode. A 

comparison of the theoretical energy densities of some of the prominent metal-air battery systems 

is shown in Figure 13. 

 
Figure 13. Theoretical specific energies of various types of metal-air batteries [163].  

Copyright 2017. Reproduced with permission from ACS publication 

Li-air battery 

The lithium-air battery (LAB) is an excellent option for many application areas because of its 

highest theoretical specific energy density, as shown in Figure 13. The LAB’s most typical design 

consists of a lithium-metal anode, a lithium-conducting organic electrolyte, and an air electrode 

supported by carbon. Before they can be used in actual applications, satisfactory resolution for some 

challenges needs to be found, such as poor catalysis, low conductivity, and degradation of the 

solvent. Although LABs have been the subject of numerous advanced experimental investigations, 

it is still not economical enough and have complex electrochemical processes that are difficult to 

characterize. Computational techniques are used extensively to explore LABs [169,170]. Many 

intrinsic properties of the constituent materials, such as chemical potential, thermal and 

electrochemical stability, mobility of the ionic species, and electronic properties, can be estimated 

with reasonable precession.  

The oxygen reduction reaction (ORR) at the oxygen electrode (cathode) of an aprotic Li-air battery 

was discussed by Hummelshøj et al. [171]. They uncovered plausible sources for overpotential during 

both the charging and discharging processes by using DFT to calculate the free energy of the reaction 

intermediates. Their findings were validated by the experimental observation that the charge 

overpotential is much larger than the discharge overpotential. They created a model to study further 

the electrochemistry of Li-O2 and the dissolution of Li2O2. They identified that for both the discharging 

and charging, the low thermodynamic overpotentials (0.2 V) are comparable with the low kinetic 

overpotential seen in tests. To study the fundamental surface chemistry of air cathode catalysts that 

accelerate the ORR. Xu et al. [172] performed periodic DFT calculations with thermodynamic modeling 

for oxygen reduction by Li on two metal surfaces, Au(111) and Pt(111). According to the findings, 

Pt(111) stabilizes O more than Li oxide species as compared to Au(111), limiting O reduction's 

reversible potential. Therefore, they suggested that metal surfaces besides Pt(111) that are more 

oxophilic could not enhance the reversible potential. Carbon materials like carbon nanotubes and 

graphene are also attractive as air cathode catalysts. Jing et al. [173] explored the initial reduction 
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reaction on the N-doped graphene surface using DFT and compared it with pristine graphene. 

Understanding the performance of non-aqueous Li-air batteries requires a thorough understanding of 

the mechanics and effectiveness of ion transport in Li2O2. Radin et al. [174] predicted the concen-

trations and mobilities of charge carriers and intrinsic defects in Li2O2 as a function of cell voltage using 

first-principles calculations. Their calculations showed that variations in the charge state of O2 dimers 

control the defect chemistry and conductivity of Li2O2. Their research determined that small hole 

polarons and negative lithium vacancies (missing Li+) are the primary charge carriers. Despite the 

attractive features of LABs, like both electrodes were made of lightweight, highly active materials, 

they still have many technical limitations and safety concerns [175], like those of the LIB. An 

alternative is to use aqueous metal-air batteries with compatible metals. 

Aluminum-air battery  

Aluminum, the most plentiful metal in the earth’s crust (8 % by mass), having very low atomic 

weight (important for increasing specific energy density; in the tune of 4140 Wh kg-1), is an 

important candidate for these aqueous metal-air batteries and has great potential for electric 

vehicles. However, the experimental OCV is much lower than predicted by bulk thermodynamics. 

Chen et al. [176] studied the thermodynamics of aluminum-air battery (AABs) using DFT. They 

observed the maximum OCV of only −1.87 V as against the commonly reported value of -2.34 V (for 

the Al anode) at pH 14.6 Vs the standard hydrogen electrode. These deviations can be largely 

attributed to the surface processes that alter the electrochemistry of the Al anodic dissolution. They 

used DFT to study the Al dissolution in alkaline media mediated by a stepwise hydroxide-assisted 

mechanism through single-electron transfer steps followed by bulk Al(OH)3 formation. The 

discrepancy in estimating the potential using bulk thermodynamics vs. the one obtained in the 

stepwise mechanism arises from (i) asymmetry in free energies of intermediates in multielectron 

transfer reactions and (ii) formation of bulk Al(OH)3 from Al(OH)3 imparts chemical stability. 

The problem of high levels of self-corrosion needs to be addressed before AABs can be a 

commercial success, irrespective of electrolyte types (neutral or alkaline). There are two approaches 

to address this: (i) addition of elements (like Mg, Mn, Zn, Ga, In, Sn, and Pb) that have higher 

overpotential (vs. pure aluminum) for the evolution of hydrogen; (ii) using organic/inorganic corrosion 

inhibitors. The latter might be the preferred choice owing to its cost-effectiveness and facile 

operational implementation and it is no wonder that many researchers have studied it extensively. 

The inhibition effect imparted by calcium oxide and L-aspartic hybrid inhibitor for Al alloy anode in 

alkaline AAB was investigated by Kang et al. [177] and the mechanism of inhibition was investigated 

by DFT combined with MC simulation. Gelman et al. introduced the non-aqueous, ionic liquid 

electrolyte-based Al-air battery. Al ions migrating there during battery discharge caused oxygen 

reduction, which led to the detection of Al2O3 on the air electrode [178]. Crystal orientation was taken 

into consideration when evaluating the electrochemical aspects of the anode (aluminum, in this case) 

in an AAB, both theoretically and practically. DFT calculations were made for the (111) and (100) 

planes of aluminum’s open circuit potential in high pH (alkaline) solution. It was observed that the 

orientation influence and the I-P curve, the Al (100) plane, displayed the highest output power [179]. 

Zinc-air battery 

Among the metal-air battery classes, zinc-air battery (ZAB) is the only commercial success story. 

Primary zinc-air button cells have been used in hearing aids. Therefore, research on rechargeable 

ZABs is placed on a very mature scientific foundation. The two primary advantages are: (i) discharge 

products do not produce a passive layer, and (ii) they have reversible crystallization kinetics. Owing 
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to these factors, Metallic zinc anodes can withstand repeated cycling spanning a few hundred cycles 

for over a few months in ambient conditions. The theoretical specific energy density of ZABs reaches 

1100 Wh kg−1 with respect to the mass of Zn [180]. 

Apart from the high energy density, ZABs have a few more important traits, e.g., relatively stable 

discharge potential, much longer storage life, non-reactivity with water, lower costs (owing to 

relative abundance), and environment-friendly. However, unsolved issues for rechargeable ZABs 

remain, particularly concerning cycle life and durability. Major technical challenges also include zinc 

oxide (ZnO) precipitation-induced passivation, morphological changes (shape) of metallic Zn at 

repeated cycling, and slow reduction of oxygen [181,182].  

Stamm et al. [183] developed a one-dimensional electrolyte transport model based on 

thermodynamics for both porous electrodes. The model considers diffusion, migration, and 

convection. They found that the primary ZABs have issues like inhomogeneous deposition and 

dissolution of ZnO and Zn, which can be addressed, to some extent, by adding ZnO to Zn even though 

it has some demerit of reducing initial capacity.  

Understanding and alleviating Hydrogen Evolution Reaction (HER) at the negative electrode in a 

secondary ZAB is a serious issue. Lysgaard et al. [184] combined Differential Electrochemical Mass 

Spectrometry (DEMS) and DFT to understand the contrasting role played by the additives (favorable 

ones like In and Bi vs. unfavorable Ag) to contain this. The favorable ones spread on the surface, 

supporting the beneficial effects on Zn dissolution, thereby limiting the HER. Overall, the addition 

of suitable additives positively impacts the cells' performance when contrasted to cells without it. 

Magnesium-air battery 

Recently, the rechargeable non-aqueous magnesium-air battery (MAB) is turning out to be an 

interesting candidate for the next generation secondary battery due to the high theoretical 

volumetric density (3832 Ah L−1 for Mg anode versus 2062 Ah L−1 for Li), lower cost and relatively 

safe operations [185,186]. Bhauriyal et al. [187] employed DFT to find the suitability of graphite as 

a carbon cathode for MABs. Towards that end, they checked the suitability of graphene/graphite 

for cathode by studying the initial MgO and MgO2 nucleation processes. Free energy diagrams offer 

vital clues about the redox reactions of oxygen, which are important to find the rate-determining 

step that, in turn, controls the initial nucleation of MgO and MgO2. It was observed that graphene 

and graphite are roughly similar as far as nucleation of MgO or MgO2 is concerned, while the 

overpotential responsible for the controlling of MgO nucleation is relatively higher than that of 

MgO2. It is relatively difficult to nucleate MgO and MgO2 clusters on graphene/graphite surfaces 

owing to higher overpotential than the MgO or MgO2 nucleation on pure MgO or MgO2. They used 

MD simulations to analyze the MgO2 nucleation on graphene, which confirmed the selectivity of 

MgO2 formation over MgO. 

Very low solid-state diffusion of Mg2+ is one of the most limiting factors in the commercial reali-

zation of rechargeable magnesium (Mg) batteries. Liu et al. [188] used MD simulations to investigate 

the structure and ion transport in a doped-Mg electrode/MgCl2 electrolyte system with a focus on 

the level of doping. They found that amongst the different candidate electrodes (i.e., Mg-Zn, Mg-Al, 

Mg-Si, and pure Mg), the Mg-Si strongly attracts the ions in the electrolyte, offering superior 

performance. They also calculated the capacitances of the negative electrode and electric double-

layer (EDL) thickness of different structures. The results showed that the capacitances and EDL 

thickness have a non-monotonic relationship with the depth of the potential well.  
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Outlook  

Multiple avenues for increasing the safety and performance of LIBs are extensively explored and 
many of them are likely to be adopted by many industries in the near future. As a competitive 

substitute for LIB batteries beyond Li, in general, multivalent types, in particular, are considered 

potential candidates for energy storage systems that can be deployed at large scales. In that regard, 

strategic computational materials and cell development are anticipated to play significant roles in 

the analysis and investigation of battery properties in all length scales (atom to device), as shown in 

Figure 14 and Table 3.  

Table 3. List of different battery properties studied from a computational approach 

Electrode potential Electron affinity Porosity Thermal expansion 

Electronic configuration Electronic structure Electrode grain boundary Cell voltage 

Electronegativity Defects engineering Morphology State of charge 

Spin state Ionic conductivity stability State of health 

Ionization potential Ion-diffusion Surface structure Impedance 

 

The research should not be conducted in the isolated silos in academic and industrial R&D arenas 

alone as has been traditionally done, but in active collaboration with industrial R&D sectors, with a 

focus on accelerating progress through the creation of useful synergies.  

 
Figure 14. Summary of computational approach capability for the development for Li- and non-Li advanced 

battery properties determinations [189]. Copyright 2020. Reproduced with permission from Springer Nature. 

Among various Li/Li-ion-based batteries, Li-S, Li-Si, and Li-Air batteries are the most 

advantageous and promising. However, some critical challenges must be resolved to bring them to 

commercial production. The notable challenges include the shuttling effect in Li-S batteries, 

enhancement of stability and conductivity properties of Si anode, and obtaining cost-effective, 

stable, and robust catalyst material for Li-Air batteries. These challenges can most effectively be 

investigated and solved with the help of robust computation tools, which will accelerate the 

development in terms of time, cost, and safety.  
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For example, by integrating computational methods like DFT and KMC, it is possible to simulate 

the dendritic growth and morphology for both LiBs and non-LiBs functioning under diverse external 

and internal constraints. These investigations are beneficial for both enhancing the performance of 

rechargeable batteries and preventing short circuits. The performance of advanced LIBs and non-

LIBs is strongly governed by their structural and physical properties during spontaneous 

electrochemical reactions and thus, computational studies are necessary for a comprehensive 

understanding of the chemistry at the atomic/molecular level. The maturity of computational 

techniques makes in-depth study possible for available materials for their potential use in batteries 

with improved accuracy. Additionally, numerous possible composite materials for batteries 

predicted by AI and ML techniques can be computationally evaluated and experimentally validated 

to estimate and optimize their performance so that further efforts for commercialization could be 

concentrated to focus on efficient materials only. 
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