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ABSTRACT

Post-lithium batteries are emerging as viable solutions towards the sustainable energy 

transition. The effective deployment in the market calls for great research efforts in the 

identification of novel component materials and the assessment of related working 

principles. Computational modelling can be a key player in boosting innovation and 

development by enabling rational strategies for the design of properly tuned materials 

with optimized activity towards the battery operating processes. Provided access to 

structural and electronic features of functional electrodes, state-of-the-art DFT methods 

can unveil the subtle structure-property relationship that affects the uptake, transport, 

and storage efficiency. Hereby, we aim at reviewing the research status of theoretical 

advances in the field of Na-ion batteries (NIBs) and illustrating to what extent atomistic 

insights into sodiation/desodiation mechanisms of nanostructured materials can assist 

the development of effective anodes and cathodes for stable and highly performing 

devices. Thanks to increasing computer power and fruitful cooperation between theory 

and experiments, the route for effective design methodologies is being paved and will 

feed the upcoming perspectives in NIB technology.
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INTRODUCTION

The chance to enable reversible electrical-to-chemical energy conversion is powering 

the technological progress in a multitude of applications. Rechargeable batteries are 

among the most chased electrical energy storage (EES) systems, with the pioneering Li-

ion battery (LIB) technology reaching a huge technological and social impact as 

recognized by the 2019 Nobel Prize in Chemistry.1,2 Lately, the urgent need for a green 

economy is pushing the production of sustainable EES systems on a very large scale, 

and other applications than microelectronics have put battery research in the spotlight.3 

The scarce availability and the restricted geographical distribution of lithium and other 

typical LIB components (e.g., Cobalt) are expected to limit the large-scale integration of 

Li batteries in electric vehicles or stationary electrical grids.4 The energy storage research 

is currently heading toward creating new options based on cheaper and widespread 

resources with the general aim to compare or even outperform state-of-the-art LIBs.5 

Thanks to easily available sodium raw materials, Na-ion batteries (NIBs) are among the 

most valid sustainable alternatives, and the similarities with LIBs have facilitated a rapid 

development of component materials starting from those already known.6,7 However, 

most LIB components are not as effective as in Na-analogues: while the large size of 

Na+ helps the diffusion through liquid electrolytes, it hampers a convenient and 

reversible intercalation into the electrode structure.7–10 The mere Li-to-Na replacement 

in many cathodes leads to extremely intertwined electrochemistry, involving unexpected 

phase transformations upon cycling, while Na+ intercalation into state-of-the-art 

graphitic materials results in largely unstable intercalated compounds.7–10 Thus, the 

scientific community of chemists, physicists and material scientists plays an active role 

in developing novel functional materials for highly performing NIB electrodes. 

Significant breakthrough have already been achieved by pursuing nano-engineering 

strategies to improve charge transfer kinetics at electrode/electrolyte interface.11,12 

The identification of novel materials and the in-depth comprehension of their 

electrochemical behaviour are crucial steps in the whole production process prior to the 

ultimate application in real devices. Electrochemical reactions within batteries are 

complex phenomena, often including undesired and even detrimental processes that 
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determine the overall system performance.  In this context, computer-aided design can 

be extremely beneficial for spanning the atomic-to-macro length scales so to understand 

the intertwined physico-chemical processes at play and to gain the desired improvement 

in stability and performance.

At the foundation of any computational approach there are quantum-mechanics (QM) 

methods that can access the electronic structure of materials and the mechanistic details 

of sodiation/desodiation at the nanoscale, allowing for fundamental understanding of 

redox reactions, ion diffusion, as well as the role of defects along the 

charging/discharging process.13–16 Advanced electronic structure calculations generally 

require ab initio techniques and the solution of appropriate Hartree-Fock equation, which 

is demanding and usually limits the system size. For most problems, density functional 

theory (DFT) serves the same purpose with lower computational costs. On the other 

hand, meso-to-macroscopic scale-based phenomena, such as dendritic growth, 

microstructuring, or degradation processes, can be addressed via molecular mechanics 

methods, including force-field and coarse-graining techniques.17–21 Notwithstanding the 

great advances and the broad literature, major efforts are still required to attain full 

knowledge of either the component material itself or the heterogeneous 

electrode/electrolyte interface, where complex charge transfer processes take place 

during battery functioning. With the advent of multiscale modelling, resolving questions 

over several length and times scales or exploring how microscopic and macroscopic 

phenomena are interrelated is rapidly emerging.22 The idea of combining atomistic and 

macroscopic simulations into a multiscale perspective is at the forefront of theoretical 

investigations in many fields and will drive the upcoming challenges towards realistic 

modelling of battery materials and their behaviours. Developing sophisticated force 

fields able to reproduce charge polarization effects, complex reaction pathways or 

interfacial structuring and dynamics, hold the promise to solve generality, accuracy, and 

reliability issues.23–28 More recently, Machine Learning potentials trained on QM 

reference data have offered a valuable alternative to classical interatomic potential 

fitting, and can be used to explore the associated energy surfaces with comparable 

accuracy.29–32 
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Whether setting foundations for advancing in multiscale techniques or delivering 

fundamental knowledge on electroactive materials, QM-based simulations still represent 

the driving force towards rational design and offer solid and reliable grounds for 

investigating reaction kinetics, electrochemical potentials, chemical stability, defects 

chemistry, adsorption/dissociation energetics. 

In this perspective, we provide an overview of recent works from our laboratory on 

nanostructured electrode materials addressed by first-principles methods. With these 

examples we offer a general view on the subtle structure-property-function relationships 

that directly affect the main processes related to battery functioning and that can be 

exploited to derive original design principles. Applications of DFT-based state-of-the-

art computational protocols are shown to provide insightful details on relevant topics: 

Na+ intercalation in nanostructured anodes and the related effects of morphology and 

external electric field; charge compensation in high-energy cathodes and the tuneable 

activation of reversible anionic oxygen redox chemistry. By deriving easily computable 

descriptors that can be directly compared to experimental data, the reported case studies 

shed light on the electrochemical behaviour of promising NIB systems and drive future 

strategies for an effective tuning of functional materials.

NIB ANODES: HYBRID AND NANOSTRUCTURED MATERIALS

In the development of solid-state anodes for Na-ion batteries, the most important 

requirement is represented by the crystalline structure and its mechanical response to a 

significant stress, i.e., the Na+ intercalation. The lattice should feature suitable host sites 

for the large Na+, and the crystalline network must be robust enough to retain its shape 

upon subsequent Na+ insertion/extraction.33 The ineffective accommodation of Na+ in 

the widely employed graphitic materials has been driving the battery community towards 

more appropriate alternatives. The large variety of proposed materials basically differ 

for the sodiation/desodiation mechanism. Whether they undergo insertion, conversion, 

or intercalation processes, the atomistic perspective can supply reliable and affordable 

models to describe the underlying mechanisms and understand the crucial features. The 

Page 6 of 39Physical Chemistry Chemical Physics



- 6 -

scientific literature concerning the development of novel negative electrodes has been 

recently enriched with computational modelling and insights from ab initio simulations.

The Na+ uptake and storage at the anode interface can occur via adsorption of a Na cation 

on the surface, followed by its migration through the lattice. Thus, the adsorption energy 

can be easily calculated as:

(1)𝐸𝑎𝑑𝑠 = 𝐸𝑂𝑈𝑇
𝑁𝑎@ℎ𝑜𝑠𝑡 ― 𝐸ℎ𝑜𝑠𝑡 +

1
2𝐸𝑁𝑎

where  and  are the total energies of the Na-electrode system and the 𝐸𝑂𝑈𝑇
𝑁𝑎@ℎ𝑜𝑠𝑡 𝐸ℎ𝑜𝑠𝑡

electrode itself, respectively, and  is the total energy of Na metal in its bcc lattice, 𝐸𝑁𝑎

that is used as reference.34 In principle, it is possible to distinguish several Na-host 

interacting sites. If the process takes place in the lattice subsurface, the inserted Na-host 

system will define an insertion energy, , as follows:𝐸𝑖𝑛𝑠

(2)𝐸𝑖𝑛𝑠 = 𝐸𝐼𝑁
𝑁𝑎@ℎ𝑜𝑠𝑡 ― 𝐸ℎ𝑜𝑠𝑡 +

1
2𝐸𝑁𝑎

Adsorbed or inserted configurations represent a suitable model for initial considerations 

about the bare Na-electrode interactions and the related n-type contact which can be 

unveiled from electronic structure analysis. However, it turns out to be ineffective for 

reliable predictions about the electrochemical behaviour. This is because the sodiation 

performance cannot neglect the storage step, i.e., migration. Once the Na atom is 

adsorbed on the electrode surface, it can move through the lattice across a diffusion 

channel and eventually reach inserted or other possible adsorption sites. By means of the 

climbing-image nudged elastic band (CI-NEB) approach, it is possible to identify the 

minimum-energy pathways across different equilibrium structures (i.e., the Na 

adsorbed/inserted sites) through high-energy transition states, identified as saddle points 

of the potential energy surface.35 The corresponding barrier heights are derived as:

Page 7 of 39 Physical Chemistry Chemical Physics



- 7 -

      (3)𝐸𝑚𝑖𝑔𝑟 = 𝐸𝑁𝑎𝑇𝑆 ― 𝐸𝑂𝑈𝑇/𝐼𝑁
𝑁𝑎@ℎ𝑜𝑠𝑡

where  and  are the total energies of the Na-electrode system at the 𝐸𝑁𝑎𝑇𝑆 𝐸𝑂𝑈𝑇/𝐼𝑁
𝑁𝑎@ℎ𝑜𝑠𝑡

transition state along the migration coordinate and its adsorbed/inserted state described 

before (see Eq. 1-2). In this way, the OUT/IN migration can be evaluated separately. 

This represents a common theoretical framework built for ab initio investigations on 

NIB anodes and related Na+ intercalation and migration mechanisms. 

In the context of NIB anodes, many research efforts are focused on the applications of 

carbonaceous materials as sustainable and electroactive systems. Given the successful 

employment of graphite anodes in LIBs, great attention has been paid to disordered hard 

carbons or graphite-like soft carbons, exposing porous surface area with more 

appropriate layered structure for Na+ uptake and storage.36 The reported sodiation 

activity is generally good, but some improving strategies can be pointed out thanks to 

first-principles studies. For example, Tsai et al. have highlighted the role of vacancy 

defects in favouring the Na intercalation capability thanks to the enhanced Na+-vacancy 

ionic binding interactions.37 Alloys formation represents another possible route, 

especially when enabled by the use of low-cost silicon-based materials exhibiting very 

high specific capacity (954 mAhg−1).38 Huge volume variations usually represent the 

main drawbacks, but they are minimized in NaxSi24 allotrope that cycles in a single-phase 

regime without any nucleation, as unveiled from DFT investigations.39 Migration 

analysis performed with CI-NEB has also identified the constrained relaxation of the 

eight-member silicon ring as limiting factor in Na mobility when moving from dilute to 

concentrated regime.39 Few works are also dedicated to germanium based alloys, where 

ab initio molecular dynamics simulations have reported the full amorphization occurring 

after earlier Na clustering at low sodiation as the main driving force for enhanced 

diffusivity compared to crystalline samples.40 With silicon-based materials often 

suffering from unbearable volume change, combination to more robust C-based 

materials has appeared as a promising solution. Sodium migration along z-direction in 

silicon-carbide (Si-C) exhibits a minimum energy barrier compared to other lattice 

directions, which can be further lowered via vacancy introduction.41 As reported by 
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Dhillon et al., numerical simulations can also be insightful: the capacity fading in silicon-

graphite composite electrodes seems to be induced more by Si cracking upon cycling 

rather than the SEI layer growth, and this effect can be prevented by varying the ratio of 

graphite and silicon accordingly.42 Application of C-based materials is also key in 

organic batteries, where DFT methods have been applied to predict crystalline structures 

or redox mechanistic details.43 Graphene also represents a highly pursued material in the 

battery field, especially in combination with other systems, as electron buffer and robust 

mechanical support.44 Creating hybrid interfaces to 2D transition metal dichalcogenides 

(TMDCs) with tuneable interlayer spacing could provide the anode material with the 

desired intercalation structure for Na ions.45 Fabrication of MoS2/Graphene anodes via 

easy and low-cost processes has led to high-quality and efficient materials, but dissecting 

the role of each component or the interface still represents a crucial point.46,47 Wang et 

al. showed how interconnected 3D carbon networks in MoS2/C superstructures are 

responsible for improving electron transport and Na+ diffusion, while retarding the 

volumetric strain effect of MoS2.48 In a recent study from our group, we addressed the 

effects of MoS2 phases on Na intercalation and migration properties.49 Our dispersion-

corrected DFT analysis showed that both 3R- and 1T-MoS2/Graphene result in 

electronically conductive heterostructures featuring a Graphene-to-MoS2 charge 

transfer, which would make the MoS2 more prone to interact with the intercalating Na 

ion.49 Among the multitude of intercalation sites, the overall adsorption energies suggest 

stronger Na-MoS2 interaction for 1T case, which correlates with the increased stability 

of this phase when exfoliated in presence of alkali metals.50 By considering migration 

pathways within the interlayer spacing, Na can move along the x direction, where the S 

atoms pointing toward the interlayer spacing seem to form a proper diffusion channel, 

with the reaction coordinate being the Na-Na distance after each Na jump, i.e., ξ (see 

Fig. 1). Sodium migration in MoS2/Graphene heterostructures has been extensively 

addressed, either in bulk or freestanding MoS2, Graphene sheets, as well as on Graphene-

supported MoS2 monolayers.51–55 Our results allowed to conclude that the interlayer 

mechanism exhibits the lowest barrier, thus representing the more convenient option for 

Na mobility (from our results: Emigr ~ 0.17-0.22 eV for 3R-MoS2/Graphene and ∼0.08 

to ∼0.70 eV for 1T-MoS2/Graphene, calculated according to Eq. 3). The diffusion 
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mechanism has been also coupled to the enlargement of the interlayer spacing occurring 

upon Na+ passage from the minimum- to the highest-energy structure, and the effect is 

more relevant in the 1T phase (i.e., from 3.11Å to 3.70Å, vs. from 3.35Å to 3.76Å in the 

3R phase).

Figure 1. (a) Side and top views of Na migration pathways through 1T- and 3R-MoS2/G 

interfaces; (b) corresponding energetics computed with the CI-NEB method at the PBE-

D3BJ level of theory. Reproduced from Ref. [MASSARO A., et al., J. Phys. Chem. C 

2021, 125, 2276-2286]. Copyright 2021 American Chemical Society.49

Titanium oxides are also capable of reversibly intercalating Na at low redox potentials. 

Starting from the structural lithium analogue, the rock salt-type Na2Ti3O7 has been 

proposed as NIB anode.56 Computational studies have compared Li2Ti3O7 and Na2Ti3O7 

performance in terms of lattice evolution upon lithiation/sodiation. The difference in 

intercalation potentials (~ 0.7 V) can be ascribed to different ionic size and polarizing 

character, leading to different stabilization or volumetric effects.57 Still, the self-

discharge phenomena observed for Na2Ti3O7 based devices has been attributed to a large 
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electrostatic repulsion computed for the discharged state, Na4Ti3O7, leading to structural 

instability and increase in the Gibbs free energy.58 TiO2 is a versatile functional material 

with several applications, ranging from solar cells to photocatalysis and batteries. In the 

form of anatase, TiO2 shows comparable performances to graphitic materials in LIBs, 

such as high reversible theoretical capacity (335 mAhg−1), low volume variation upon 

cycling (less than 4%), and improved safety thanks to the structural robustness and high 

working potential.59 However, the performances of anatase nanoparticles (NPs) as 

negative electrodes in NIBs seem to depend on the exposed surfaces, the (100) and (001) 

facets being much more effective than the most stable (101) surface.60 Yang et al. have 

tried to explain the surface-dependent activities by means of bare adsorption properties, 

but the predicted trend did not match the observed activities.61 The simple Na-TiO2 

coverage is not a complete nor reliable model for such interface, where each surface acts 

as a Na+ insertion site exhibiting pseudocapacitive behaviour.60 In a recent work by our 

group, Na+ insertion through the (101), (100) and (001) TiO2 anatase surfaces has been 

addressed to prove the mechanism and the origin of observed selectivity toward Na+ 

uptake.62 Sodium migration can be defined as occurring between adsorption sites lying 

on top of surfaces and insertion sites in the subsurface layer along the [010] Na+ diffusion 

channel (see Fig. 2).63 The spatial coordinate along migration pathway, ξ, is given by the 

Na-Na distance between two contiguous points acting as possible interstitial sites for ion 

accommodation and lying along suitable-sized diffusion channels. Sodium moves along 

a given direction in the lattice, passes across the alternating Ti-O motif, and then enters 

the cavity in the subsurface along the [010] diffusion channel. Migration analysis derived 

by CI-NEB approach revealed that the (001) surface exhibits the lowest energy barrier 

in both forward and backward directions (i.e., OUT/IN Emigr, calculated according to Eq. 

3), suggesting that Na migration will be more likely to occur at this termination 

compared to (100) and (101). 
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Figure 2. Minimum energy paths (top) and corresponding energetics (bottom) for Na 

migration through the (a) (101), (b) (100) and (c) (001) surfaces. Energy barriers 

calculated from Eq. 3 for the out/in migration are reported, respectively, at the left- and 

right-hand sides of the graph. Reproduced from Ref. [MASSARO A., et al., Nanoscale 

Adv. 2020, 2, 2745] with permission from the Royal Society of Chemistry.62

These studies pointed out the key role of theory in unveiling determining factors towards 

sodiation mechanisms of nanostructured anode materials. However, achieving accurate 

predictions by means of reliable models still represents a major challenge in 

computational chemistry applied to energy storage. On one hand, simple models allow 

to get interesting insights with little computational efforts, but they might be too far from 

real device and other relevant information may not be detected. One example is given 

by the description of sodiation process under electric field control. The battery operation 

takes place in a certain voltage range, under the passage of an electric current. A realistic 

model should therefore not neglect the effect of an electric bias applied to the materials 

under investigation. For example, we have addressed the electric field effects on Na 

Page 12 of 39Physical Chemistry Chemical Physics



- 12 -

intercalation energetics as well as on structural and electronic properties of anatase 

surfaces.64 The electric field is simulated in the direction perpendicular to the surface 

models by adding a sawtooth‐like electrostatic potential to the bare ionic potential.65 

Positive and negative polarization can be considered, depending on whether the field lies 

in the same or opposite direction of the z-axis, thus giving a positive or negative slope, 

respectively. As illustrated in Fig. 3, insertion energies are essentially unchanged with 

the applied field, and minor structural modifications may be due to the high screening 

effects exerted by the surface layer. However, the field polarization does affect 

adsorption values and alters the IN-OUT gap. In particular, the positive field enlarges 

the energy gap for all the explored surfaces, while the negative one results in smaller 

differences (blue and red lines, respectively, in Fig. 3). Positive/negative directions lead 

to opposite effects, stabilizing the NaOUT sites further/closer to the surface and promoting 

the oxidation/reduction of Ti sublattice.64 Field polarization can therefore be thought as 

the bias direction that is present during battery cycling and accounts for the 

desodiation/sodiation of the anodic electrode upon discharge/charge (e.g., the negative 

one favouring Na intercalation and leading to the reduction of Ti sublattice is 

representative of sodiation reaction upon charging). Thanks to the employment of such 

reliable DFT calculations in presence of applied electric bias, the theoretical 

investigations on electrode interfaces can make significant steps forward in modelling in 

operando conditions, thus improving the current understanding of electrochemical 

reactions at NIB electrodes.
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Figure 3. Insertion and adsorption energetics for NaIN and NaOUT states at TiO2 surfaces 

calculated at PBE+U level of theory. All the energy values, Erel, are referred to Na-

adsorbed on (100) surface with zero-field (yellow box). Colour code: zero-field (black 

lines), positive field, × 103 = 5 Ha (blue lines), and negative field, × 103 = - 5 Ha 𝐹 𝐹

(red lines). Reproduced from Ref. [FASULO F., et al., J. Mater. Res. 2022, 37, 3216-

3226]. Copyright © 2022, The Authors.64

The screening and predictive power of computational modelling can lead to high-impact 

outcomes that can drive the rational design of efficient materials. For example, further 

analysis performed in these case studies reveals that the Na storage activity in 

MoS2/Graphene heterostructures and TiO2 anatase nanoparticles is ascribed to intrinsic 

structural features of the electrodes. Na+ migration barriers at the MoS2/Graphene 

interlayer spacing are associated to variations in the Na-S coordination when the 

transition state is reached, the effect being more relevant for 1T phase compared to 3R 

counterpart.49 The single jump is more likely to occur when Na is further from sulphur 

atoms, thus the local structuring affects the sodium diffusion mechanism. Introducing S 

vacancies or tuning and nanoengineering the morphology of MoS2 phase can lead to 

promising design strategies aiming to reduce the Na-S hindering effects and enhance the 

overall mobility. Still, structural modifications occurring in the anatase surfaces upon 

Na migration can account for the different activities.62 The size of the surface lattice 

window, i.e., the minimum accessible area that Na+ should cross to enter the TiO2 

crystalline structure, at the transition state (NaTS) provides a direct measure of the steric 
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hindrance that the migrating Na encounters along its path. This descriptor inversely 

correlates with the barrier heights: the largest lattice window is associated to the lowest 

migration barrier for the (001) surface (see Table 1). As a matter of fact, the surface 

lattice windows get larger upon the effect of negative field. Preferential use of (001)-

containing NPs can be exploited to develop more efficient anatase-based NIB devices.

Table 1. Minimum accessible areas (amin) of the lattice windows calculated at zero-, 

positive and negative fields. 

surface amin (zero-field) amin ( ×103 = 5 Ha)𝐅 amin ( ×103= -5 Ha)𝐅

(101) 8.60 8.58 8.64

(100) 8.71 8.68 8.73

(001) 15.14 14.83 15.14

NIB CATHODES: HIGH-ENERGY LAYERED OXIDES

The development of high-energy, cheap, and structurally stable NIB positive electrodes 

operating at voltage values in the order of 4.5V (or even above) represents a Grand 

Challenge because it is the cathode that mainly affects the battery performance and 

manufacturing costs. The emergence of layered transition-metal oxides, NaxTMO2 (0 < 

x < 1), dates to the wide employment of LiCoO2 in pioneering LIB prototypes.66 

However, the simple replacement with NaCoO2 is impracticable due to critical phase 

transformations occurring upon desodiation, and Mn- or Fe-based compounds took over 

also for sustainability purposes.67,68 The strong synergy of computational work with 

experimental studies drives major advances in the design of layered oxides as high-

energy NIB cathodes, aiming to explore new classes of functional compounds while 

gaining the fundamental understanding that underpin applied research.69 

As in Li counterparts, the crystalline structure of NaxTMO2 alternates planar layers of 

alkali metal ions and edge-sharing TMO6 octahedra, where Na ions can easily move in 

and out upon cycling.70 Among many polymorphs differing for stacking and internal 
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symmetry, P2 and O3 (Prismatic/Octahedral sites for Na ions and 2/3 TMO2-layers in 

the unit cell) phases are the most interesting for battery applications, showing different 

specific capacity, structural stability, and rate performance.71 The charge/discharge 

operation can be considered as the shuttling of a certain fraction of Na ions, with the 

cathode reaction being:

      (4)𝑁𝑎𝑥1𝑇𝑀𝑂2 + (𝑥2 ― 𝑥1)𝑁𝑎 + +(𝑥2 ― 𝑥1)𝑒 ― ⇄ 𝑁𝑎𝑥2𝑇𝑀𝑂2

Considering Eq. 4 as a single step along the cathode charge, one can model different Na-

containing structures as representing each state of charge. Thus, the whole sodiation 

range is covered, and the intercalation potential at each stage can be calculated as:

          (5)𝑉 = ―
𝐸𝑁𝑎𝑥2

𝑇𝑀𝑂2 ― 𝐸𝑁𝑎𝑥1
𝑇𝑀𝑂2 ― (𝑥2 ― 𝑥1) 1 2𝐸𝑁𝑎

(𝑥2 ― 𝑥1)

where  and  are the total energies of  at, respectively, x2 𝐸𝑁𝑎𝑥2𝑇𝑀𝑂2 𝐸𝑁𝑎𝑥1𝑇𝑀𝑂2 𝑁𝑎𝑥𝑇𝑀𝑂2

and x1 Na composition (x1 < x2),  is the total energy of Na metal considering the bcc 𝐸𝑁𝑎

lattice with 2 atoms in the unit cell as reference.34 The ratio and chemical nature of TM 

composition sensibly affect the phase stability and structural retention during subsequent 

Na insertion/extraction from the layered lattice.68 The electrochemical behaviour also 

depends on the involved TM redox couples, as the cathode sodiation/desodiation is 

compensated by the reversible reduction/oxidation of TM ions. How the chemical 

composition at the TM site determines the physical-chemical properties as well as the 

electrochemical response is decisive for the performance, but very challenging to 

predict.72 Great efforts can be found in the recent literature, where computationally 

derived descriptors serve as useful tools to predict main properties from the chemical 

structure. One example is the cationic potential postulated by Zhao et al., able to capture 

the key interactions of layered materials and make it possible to predict the stacking 

structures and the functional properties.73 By employing DFT calculations to derive 
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average voltage, volume change and Na ion mobility, the screening method developed 

by Zhang et al. demonstrates how most promising candidates can be selected from 

materials project database.74 The vital role of theoretical investigations is also attested 

by the new insights gained in understanding the anionic redox activity, i.e., the charge 

being stored not only by the TM cations but also by the oxide sublattice. This represents 

a new highly pursued paradigm for research and development of advanced cathode 

materials, pushing the theoretical specific capacity beyond the fixed limits of TM redox 

potentials. Whether anionic-redox active materials can accomplish a fully reversible 

process or undergo O2 loss remain an open question. Which factors can drive the 

stabilization of oxygen electron holes and preserve the reversible activity upon 

subsequent cycling? In many Li-rich oxides with O3 stacking, O2 release has often been 

associated to TM migration from the TMO2 layer to the alkali metal one. DFT 

calculations performed by Wang et al. have showed that such interlayer migration can 

safely be excluded in the O3-NaLi1/3Mn2/3O2 phase.75 While Mn cations are greatly 

stabilized in the interlayer space of pure-Li phases, the presence of Na+ in the alkali layer 

imposes a too large c parameter and Mn migration from the metallic to the alkali layer 

is therefore less favoured. Li+ displacement towards the alkali layer upon first Na+ 

deinsertion promotes the switching from inter- to intra-layer migration of Mn cations, 

preventing any voltage fade.75 Anionic redox mechanisms can be intertwined, especially 

when electrochemical cycling leads to phase transformation. Vergnet et al. have 

unveiled the voltage hysteresis of NaxMg1/3Mn2/3O2 from first principles, by revealing 

the competition between a reductive coupling mechanism occurring in P stacking, which 

is quite reversible, and a disproportionation of oxygen network into peroxo-like pairs 

and oxo-like atoms in the O stacking, inducing migrations that facilitate oxygen release 

and entail structural instability.76 The first-cycle voltage hysteresis has also been 

associated to  superstructural ordering in Na0.75[Li0.25Mn0.75]O2, where the most present 

honeycomb superstructure is lost on charging due Mn migration that changes the 

coordination around O2- and lowers the voltage on discharge.77 As supported by DFT 

investigations, the ribbon superstructure in Na0.6[Li0.2Mn0.8]O2 inhibits manganese 

disorder and promotes stable electron holes on O2-, hence suppressing O2 formation and 

voltage hysteresis.77 Ben Yahia et al. have used the electron localization function as a 

Page 17 of 39 Physical Chemistry Chemical Physics



- 17 -

holistic tool to locate the oxygen lone pairs in the structure and follow their participation 

in the redox activity of layered oxides.78 They propose the charge-transfer gap as the 

pertinent observable to quantify the amount of extra capacity achievable in charge and 

its reversibility in discharge. The idea of electron localization around oxygen ions is also 

present in the work by Zhao et al., where it is shown to be favoured by Ti substitution 

leading to facilitated charge-transfer reaction for oxygen redox.79 Clearly, the analysis 

of electronic structure can establish the energy levels positioning and allow the 

evaluation of several redox mechanisms. In early-TM-based oxides, O 2p states lie well 

below the TM d states, and the TMs mainly undertake the burden of the redox reaction. 

As going from early to late transition metals, the increased electronegativity enables 

larger overlapping between TM d and O p states, allowing the oxygen electron density 

to directly participate in the charge compensation.80 In Li-rich oxides, i.e., the alkali ion 

being present in both the alkali and TM layers, the O 2p orbitals overlap with the Li 2s 

orbitals and form Li+-O-Li+ interactions. The ionic nature of these interactions places the 

nonbonding O 2p states at the top of the valence band, which engage in anionic redox 

activity.81 Maitra et al. have reported that the presence of excess alkali metal is not 

necessary to trigger oxygen based processes, which can also take place in 

Na2/3[Mg0.28Mn0.72]O2 displaying Mg ions in the TM layer.82 Charge compensation 

occurring along desodiation can be unveiled from electronic structure analysis 

performed as function of Na content. Fig. 4 shows the trend of magnetization in each 

element sublattice for NaxNi0.25Mn0.68O2, where Mn4+ oxidation state is essentially 

retained, while desodiation induces Ni2+ →Ni3+ and then →Ni4+ oxidation (Fig. 4a and 

b, respectively), in agreement with the literature.83,84 The interested reader may be 

redirected to our previous work, where the oxidation trends are also confirmed by the 

TMO6 octahedral distortion, with constant Mn-O pattern and shortening of Ni-O bonds 

along desodiation being associated to Jahn-Teller like effects.85 The PDOS reported in 

Fig. 4c suggests a strong hybridization of TM d states with O p ones, leading to highly 

covalent character of the TM-O bond, which would explain the resulting charge values 

far from the ionic limit (see Fig. 4d). However, a net variation of oxygen charge is still 

evident, and the formation of electron holes on oxygen atoms can also be evinced from 

the increased magnetization to ∼ 0.3 µB at x Na = 0.25 and up to ∼ 0.5 µB at x Na = 
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0.125. As also reported by Zhao et al. for the closely related Na10-xLiNi3Mn8O24 layered 

oxide, electron extraction would take place from Ni 3d states upon charge, and O 2p 

states start to participate at high desodiation degrees.86 

Figure 4. Electronic structure analysis of NaxNi0.25Mn0.68O2 as function of Na content: 

net magnetic moments on Mn (a) and Ni (b) species, with the corresponding electronic 

configuration on the side; (c) atom- and angular momentum- pDOS computed at the 

PBE+U(-D3BJ) level of theory; (d) Bader charge analysis reported as the average 

charge for each element; (e) net magnetic moment on O atoms with corresponding 

electronic configuration on the side. Colour code: Na s states, yellow; Mn d states, 

purple; Ni d states, green; O p states, red. Reproduced from Ref. [MASSARO A, et al., 

ACS Energy Lett. 2021, 6, 2470-2480]. Copyright 2021 American Chemical Society.85
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Oxygen redox activity can involve dimerization reactions, as experimentally observed 

but also computationally demonstrated.80,87–89 Herein, the stabilization of oxygen dimers 

is key to endorse reversibility, and is shown to be managed via covalent TM 

substitutions.80,87,88 For example, the surface lattice densification following oxygen 

release in Na2/3Ni1/3Mn2/3O2 and associated to large irreversible capacity loss results to 

be suppressed by Fe substitution.90 Formation of dioxygen species at high voltage has 

been addressed in our group for the Mn-deficient phase of P2-type NaxNi0.25Mn0.68O2 

layered oxide, where rational TM doping has been implemented at the Ni site.85,91,92 The 

employment of TM-defective oxides has attracted great consideration as a viable 

strategy to activate the anionic redox and thus enhance the specific capacity of layered 

oxides due to the emergence of nonbonding O 2p states.93 However, the presence of a 

TM vacancy in the bulk lattice can represent a suitable site to accommodate the reactive 

oxygen species resulting from uncontrolled anionic redox. In principle, oxygen atoms 

can move from their regular positions in the crystalline lattice and form partially oxidized 

species (i.e., peroxo-, superoxo-like) which can be accommodated nearby the Mn 

vacancy. The corresponding formation energy of the TM-O2-TM intermediate, i.e., the 

dioxygen binding to nearby TM atoms, can be computed as:

          (6)∆𝐸 = 𝐸𝑇𝑀 ― 𝑂2 ― 𝑇𝑀 ― 𝐸𝑁𝑎𝑥𝑇𝑀𝑂2

where  is the total energy of the dioxygen intermediate within the  𝐸𝑇𝑀 ― 𝑂2 ― 𝑇𝑀 𝑁𝑎𝑥𝑇𝑀𝑂2

cathode lattice and is the total energy of the material in its minimum-energy 𝐸𝑁𝑎𝑥𝑇𝑀𝑂2

structure. As shown in Fig. 5, at low Na content the NaxNi0.25Mn0.68O2 cathode enables 

the formation of stable dioxygen species, that are mostly superoxides with dO-O ranging 

between 1.26 and 1.29 Å,94,95 and binding the TM atoms in different modes (from 

bridging coordination to adjacent Ni and Mn atoms, to binuclear bridging to contiguous 

Mn atoms, or end-on to a single Mn atom), and even the complete release of molecular 

oxygen with dO-O of 1.23 Å and no direct coordination to any nearby TM atoms. The 

differences found in the energy values suggest that oxygen dimers are more easily 

formed when the oxygen atom leaves a Mn-O-Ni site rather than a Mn-O-Mn one. The 
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energetically favourable dioxygen species at x Na = 0.25 (∆E = -0.097 eV) explains the 

additional plateau beginning at 4.1 V observed during the first charge cycle, while the 

∆E ∼ 0.8 eV associated to O2 release is however easily accessible under NIB operating 

conditions and accounts for the irreversible capacity loss detected at 4.5 V.83

Figure 5. Dioxygen formation in NaxNi0.25Mn0.68O2: (top) top-view of A-D structures and 

(bottom) dioxygen formation energetics identified at (a) x Na = 0.25 and (b) x Na = 

0.125. Colour code: Ni, green; Mn, violet; O (lattice position), red; O (dioxygen 

position), orange; the yellow circles highlight the initial positions before dioxygen 

formation. Only atoms around the dioxygen complex are shown for clarity. Reproduced 

from Ref. [MASSARO A, et al., ACS Energy Lett. 2021, 6, 2470-2480]. Copyright 2021 

American Chemical Society.85

Implementing a stronger covalent nature for the TM-O bond via tailored substitution at 

Ni site can represent an effective design strategy for reversible high-energy cathodes. 

Starting from promising evidence in the literature, Fe- and Ru-doping at the Ni site can 

be investigated.90,96 On the one hand, recent reports on Fe-doped NaxTMO2 cathodes 

show enhanced and reversible specific capacities that are imputable to oxygen redox 
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with no detection of gaseous O2.90 On the other hand, the presence of Ru in Li-rich 

materials is known to accomplish the reversible access of oxygen redox: the electronic 

signatures of reversible O-O coupling in Li2-xRuO3 represent direct evidence of lattice 

oxygen redox activated at high voltage, and the oxygen dimerization mechanism in Ru-

doped Li2TMO3 results to be hampered compared to other TM doping.97–99 While Fe-

containing oxides would also meet the low-cost and sustainability requirements,68 it is 

crucial to balance the amount of Ru employed with the overall possible benefits. High 

cycle stability has also been reported for Na-rich Na2RuO3, where not only the 

honeycomb superstructure ordering, but also the presence of Ru plays a direct role in 

suppressing O2 release.100 From these considerations, dioxygen formation has also been 

addressed  in NaxFe0.125Ni0.125Mn0.68O2 and NaxRu0.125Ni0.125Mn0.68O2 at low Na contents 

(see Fig. 6). The dimerization leads to superoxide species (dO-O ∼ 1.26-1.37 Å for Fe-

doped and 1.28-1.32 Å for Ru-doped) binding the TM atoms in bridging or binuclear 

bridging coordination modes. At x Na = 0.125, the NaxFe0.125Ni0.125Mn0.68O2 cathode 

exhibits the most stable superoxide (E = -0.197 eV) formed via breaking of Ni-O bond. 

Panel b of Fig. 6 highlights the role of Ru in dioxygen formation, which can be only 

unfold at x Na = 0.25 as lower Na compositions result tricky to model and predict.96 

Dimerization via Ru-O bond breaking is the most unlikely mechanism, leading to the 

highest-energy Mn-O2-Ni configuration with ΔE = 3.283 eV and to the unfeasible Mn-

O2-Mn that actually restore back the strong Ru-O bond to form the same Mn-O2-Ru 

structure with ΔE = 1.732 eV. Conversely to the undoped NaxNi0.25Mn0.68O2, the release 

of molecular O2 is not predicted for the NaxFe0.125Ni0.125Mn0.68O2 and 

NaxRu0.125Ni0.125Mn0.68O2, thus proving the crucial role played by Fe and Ru in 

stabilizing the partially oxidized oxygen sublattice. The rather small amount of Fe/Ru 

doping seems to introduce essential mild TM-O bond strengths that prevent the O2 

evolution while still enabling the activation of anionic redox processes via the formation 

of potentially reversible superoxide species. In this way, not only extra specific capacity 

can be achieved, but it can also be recovered upon subsequent charge/discharge cycles 

since O2 release is suppressed or at least reduced. 
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Figure 6. Formation of dioxygen species in the Mn-deficient site of (a) 

Na1/4Fe1/8Ni1/8Mn3/4-yO2 and (b) Na1/4Ru1/8Ni1/8Mn3/4-yO2. Corresponding formation 

energy, ΔE, computed according to Eq. 3 at PBE + U(-D3BJ) are also reported. Colour 

code as in Fig. 5, O atoms at dioxygen positions are depicted in brown, Fe in blue and 

Ru in cyan. Reproduced from Ref. [MASSARO A., et al., J. Am. Ceram. Soc. 2023, 106, 

109-119]. Copyright ©2000-2022 by John Wiley & Sons, Inc.91 Reproduced from Ref. 

[MASSARO A., et al., ACS Appl. Energy Mater. 2022, 5, 9, 10721-10730]. Copyright 

2022 American Chemical Society.92 

The mechanism underlying dioxygen formation is sensitive to the chemical environment 

(e.g., metal atoms that are involved upon breaking and forming of TM-O bonds). Indeed, 

very different outcomes are obtained with Ni-, Ni/Fe- and Ni/Ru-containing TM oxides. 
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The intense debate in the literature on activation and control of oxygen-based redox in 

layered NaxTMO2 seems to agree in identifying the TM-O bond strength as a key factor 

to which tuning strategies may be referred. This property can be easily quantified in 

terms of oxygen vacancy formation energies: the lower the formation energy of a given 

VO, the easier the tendency to break the involved chemical bonds. In a layered NaxTMO2, 

the reaction leading to the removal of one oxygen atom and thus to an O-defective 

material can be written as:

(7)𝑁𝑎𝑥𝑇𝑀𝑂2→𝑁𝑎𝑥𝑇𝑀𝑂2
∗ +

1
2𝑂2

Therefore, the following equation should be considered to calculate the corresponding 

formation energy:

(8)𝐸𝑉𝑂 = 𝐸𝑑𝑒𝑓 ― 𝐸𝑝𝑟𝑖𝑠𝑡 +
1
2𝐸𝑂2

where  and  are the total energies of, respectively, the oxygen vacancy (VO) 𝐸𝑑𝑒𝑓 𝐸𝑝𝑟𝑖𝑠𝑡

containing system and the pristine one, and  is the total energy of the oxygen 𝐸𝑂2

molecule in its triplet ground state calculated at the same level of theory and used as a 

reference. This quantity can be considered as a direct measure of the TM-O bond 

strength: the lower the , the easier the tendency to break the involved chemical bonds. 𝐸𝑉𝑂

While being widely applied to address open questions in materials science for several 

applications,101-105 this idea is used here to show which TM doping would work more 

efficiently in reversible conditions. The thermodynamics of oxygen vacancy formation 

has first been addressed in NaxNi0.25Mn0.68O2, where we have considered four types of 

vacancies differing for both the coordination to the Mn-deficient site (twofold or 

threefold coordinated, VO(2c) and VO(3c), respectively) and the chemical environment 

(consisting of only Mn sites or also Ni ones, VO Mn/Mn and VO Mn/Ni, respectively). 

Calculated values according to Eq. 8 for each non-equivalent VO at each Na content are 
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listed in Table 2 and lie in the same energy range reported for a similar system, 

Li1.2Mn0.6Ni0.2O2.106 The results show that: (i) oxygen vacancies are more likely to occur 

next to the Mn-deficient site rather than in the second coordination shell, as it is easier 

to remove a twofold coordinated oxygen atom than a threefold coordinated one ( (2c) 𝐸𝑉𝑂

< (3c)); (ii) there is a general trend of decreasing formation energy with decreasing 𝐸𝑉𝑂

Na content due to charge compensation effects, leading to more favourable 

accommodation of reducing defects (VO) in oxidized states (desodiated structures); (iii) 

Mn-VO-Ni configurations are more convenient than Mn-VO-Mn ones, as a result of the 

higher lability of the involved TM-O bonds (  Mn/Ni <  Mn/Mn). 𝐸𝑉𝑂 𝐸𝑉𝑂

Table 2. Oxygen vacancy formation energies computed at the PBE+U(-D3BJ) level of 

theory according to Eq. 8. All the values are expressed in eV.

x Na VO(2c) Mn/Mn VO(2c) Mn/Ni VO(3c) Mn/Mn VO(3c) Mn/Ni

0.75 1.866 2.623 3.204 3.443

0.50 1.944 1.447 2.865 2.858

0.25 1.515 1.079 2.454 2.587

0.125 1.077 0.114 2.537 2.390

Different kinds of twofold and threefold coordinated oxygen vacancies are then 

compared for the undoped material, NaxNi0.25Mn0.68O2, and the two doped ones, 

NaxFe0.125Ni0.125Mn0.68O2 and NaxRu0.125Ni0.125Mn0.68O2, at 𝑥 Na = 0.25 (see Table 3). 

Formation energies for VO(2c) exhibit an altered trend: besides the Mn/Ni configuration 

showing the lowest  values in all materials, the effect of Ru doping is opposite 𝐸𝑉𝑂

compared to Fe, leading to  (Mn/Ru) >  (Mn). While Fe doping introduces mild 𝐸𝑉𝑂 𝐸𝑉𝑂

TM-O covalency conditions, the presence of Ru atoms results in a significant 

strengthening of the chemical bond. The doping effects on the VO(3c) are more 

intertwined: removal of an oxygen atom is more difficult not only from Ru-, but also 

from Ni-containing configurations (  (Mn/Ru, Mn/Ni) >  (Mn)). On the other hand, 𝐸𝑉𝑂 𝐸𝑉𝑂

Fe-doping always results in lowering the formation energies. In the most heterogenous 
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site (i.e., Mn/Ni/Ru), Ru and Ni seem to play a synergic effect that results in a higher 𝐸𝑉𝑂

compared to  (Mn). Conversely, the for Mn/Fe and Mn/Ni/Fe in 𝐸𝑉𝑂 𝐸𝑉𝑂

NaxFe0.125Ni0.125Mn0.68O2 are always lower than Mn and Mn/Ni ones, suggesting that the 

opposite effect of Ru doping compared to Fe is even exerted in the stabilization of the 

oxide moiety in a Ni-containing site. 

Table 3. Comparison of oxygen vacancy formation energies in the three case-study 

materials (NNMO, NaxNi0.25Mn0.68O2; NFNMO, Nax Fe0.125Ni0.125Mn0.68O2; NRNMO 

NaxRu0.125Ni0.125Mn0.68O2) at 𝑥 Na = 0.25 computed at the PBE+U(-D3BJ) level of theory 

according to Eq. 8. All the energy values are expressed in eV.

VO(2c) Mn Mn/Ni Mn/Fe Mn/Ru

NNMO 1.515 1.079 - -

NFNMO 1.587 1.152 1.397 -

NRNMO 1.404 1.101 - 2.498

VO(3c) Mn Mn/Ni Mn/Fe Mn/Ru Mn/Ni/Fe Mn/Ni/Ru

NNMO 2.454 2.587 - - - -

NFNMO 2.635 2.335 1.899 - 1.634 -

NRNMO 2.435 3.328 - 3.121 - 2.983

These new insights on anionic redox activity highlight simple descriptors able to predict 

the oxygen evolution from a certain structure and the critical state of charge for 

irreversible material degradation. The charge compensation mechanism driven by 

partially oxidized oxygen atoms and suggested by experiments is unfolded by means of 

easily computable quantities, such as oxygen vacancy formation and TM-O2 

coordination energy. These findings can be used to prevent O2 release and improve the 

efficiency of high-energy cathodes able to recover the extra specific capacity upon 

subsequent cycling.
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CONCLUSIONS AND PERSPECTIVES

This perspective article aims at providing an overview on the crucial role of 

computational chemistry and QM-based simulations in describing nanostructured 

electrode materials that are relevant for their application in Na-ion batteries. By 

accessing electronic structure and sodiation/desodiation mechanistic details at the 

nanoscale, QM-based methods enable the fundamental understanding of redox reactions, 

ion diffusion, as well as the role of defects along the charging/discharging process. 

Whether setting foundations for advancing in multiscale techniques or delivering 

fundamental knowledge on electroactive materials, DFT simulations represent a 

powerful predictive tool towards new rational design strategies and offer an atomistic 

outlook for investigating reaction kinetics, electrochemical potentials, chemical stability, 

defects chemistry, adsorption/dissociation energetics. 

We have briefly illustrated how the recent literature in the field of Na-ion batteries has 

been enriched with design principles derived from first-principles theoretical 

investigations. State-of-the-art computational tools are shown to unveil new details on 

relevant topics, highlighting key features in nanostructured electrode materials that 

directly affect the sodiation/desodiation mechanisms. 

Na+ adsorption, intercalation and migration mechanisms are dissected for several 

nanostructured anodes: surface morphology and sodium radius, binding strength and 

steric hinderance are all intertwined features to take properly into account in order to 

obtain a conclusive picture of NIB electrode functioning mechanisms. Also the inclusion 

of a sawtooth-like potential has been proven to be a useful tool to efficiently describe 

how the electric field can control the Na+ electrode interactions, and paves the route 

towards realistic simulations of in operando conditions. 

Charge compensation in high-energy layered oxides can be unfolded to outline tuneable 

activation of reversible anionic-redox active cathodes. More labile TM-O bonds undergo 

preferential cleavage towards the superoxide formation and can be responsible for the 

full release of molecular oxygen, which can be suppressed by increasing the TM-O 

covalency.
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Overall, our results contribute to shed light on the electrochemical behaviour of 

promising NIB systems and can drive future strategies for an effective tuning of 

heterogeneous functional materials. While explaining experimental observations, these 

findings and the identification of easily computable structural descriptors can be 

instrumental for the rational design and fast development of novel electrodes. Moreover, 

the described methodology can be extended to similar systems and set solid foundations 

for multiscale frameworks able to integrate systems and processes across several scales 

of space and time. The fundamental understanding of battery functioning mechanisms 

will strongly benefit from upscaled-computational analysis, in view of the close 

cooperation between theory and experiments as unavoidable driving force to foster 

innovation and production of much needed highly performing NIB devices.
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