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Abstract
Increasing concerns regarding the sustainability of lithium sources, due to their limited availability
and consequent expected price increase, have raised awareness of the importance of developing
alternative energy-storage candidates that can sustain the ever-growing energy demand.
Furthermore, limitations on the availability of the transition metals used in the manufacturing of
cathode materials, together with questionable mining practices, are driving development towards
more sustainable elements. Given the uniformly high abundance and cost-effectiveness of sodium,
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as well as its very suitable redox potential (close to that of lithium), sodium-ion battery technology
offers tremendous potential to be a counterpart to lithium-ion batteries (LIBs) in different
application scenarios, such as stationary energy storage and low-cost vehicles. This potential is
reflected by the major investments that are being made by industry in a wide variety of markets and
in diverse material combinations. Despite the associated advantages of being a drop-in replacement
for LIBs, there are remarkable differences in the physicochemical properties between sodium and
lithium that give rise to different behaviours, for example, different coordination preferences in
compounds, desolvation energies, or solubility of the solid–electrolyte interphase inorganic salt
components. This demands a more detailed study of the underlying physical and chemical
processes occurring in sodium-ion batteries and allows great scope for groundbreaking advances in
the field, from lab-scale to scale-up. This roadmap provides an extensive review by experts in
academia and industry of the current state of the art in 2021 and the different research directions
and strategies currently underway to improve the performance of sodium-ion batteries. The aim is
to provide an opinion with respect to the current challenges and opportunities, from the
fundamental properties to the practical applications of this technology.
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Introduction

Nuria Tapia-Ruiz
Department of Chemistry, Lancaster University, Lancaster LA1 4YB, United Kingdom
The Faraday Institution, Quad One, Harwell Science and Innovation Campus, OX11 0RA, United Kingdom

Na-ion batteries (NIBs) promise to revolutionise the area of low-cost, safe, and rapidly scalable
energy-storage technologies. The use of raw elements, obtained ethically and sustainably from inexpensive
and widely abundant sources, makes this technology extremely attractive, especially in applications where
weight/volume are not of concern, such as off-grid energy storage, load levelling, and starting, lighting, and
ignition batteries, which amount to a potential worldwide demand of≈1 TWh.

Given the similarities between the fundamental working principles and materials used in NIBs and the
well-known rechargeable lithium-ion batteries (LIBs), the swift appearance of this technology in the market
is to be expected, based on the use of existing battery manufacturing lines. Furthermore, NIBs can be stored
and transported at 0 V, reducing the costs associated with expensive shipping and safety risks, and thus, they
can be commercialised worldwide.

Despite their tremendous potential, only a limited number of companies, such as Faradion (UK), Tiamat
(Europe), Altris AB (Europe), HiNa (China), and Natron Energy (USA) are devoted to sodium battery
development. These manufacturers do not follow a consensus on the choice of sodium chemistry (e.g.,
positive electrodes can be made from layered oxides, Prussian blue analogues, or vanadium-based
polyanionic compounds, and used with aqueous and non-aqueous electrolytic solutions), allowing for
market/application diversification, and importantly, highlighting the immense scope of NIB materials
research by developing new chemistries for positive and negative electrodes and electrolytes.

The multiple research prospects of NIBs have been recognised by the Faraday Institution, the UK’s
independent institute for electrochemical energy storage research, which launched NEXt-GENeration
NA-ion batteries (NEXGENNA) [1] in October 2019 as part of its research portfolio of post-lithium
batteries. The NEXGENNA consortium combines a multidisciplinary and diverse team of academics at the
forefront of research in their respective fields, and the chief players in the UK Na-ion battery industry, with
the ambition to deliver a revolution in the development of high-performance, cost-competitive, safe, and
long cycle-life Na-ion batteries for stationary and low-cost transportation applications.

This 2021 NIB roadmap contains contributions from the NEXGENNA consortium and external project
partners, as well as other relevant academics in the NIB field. The various contributions to this roadmap are
divided into eight main research themes, ranging from fundamental experimental and computational science
to large-scale industrial processing and techno-economic metrics, i.e. (a) cathode materials; (b) anode
materials; (c) computational discovery of materials; (d) electrolytes and the solid–electrolyte interphase
layer; (e) testing protocols; (f) advanced characterisation techniques, (g) manufacturing and scale-up, and
(h) industrial targets and technoeconomics, totalling eight sections.

Sections 1, 2 and 4 contain an overview of the most relevant to date inorganic and organic cathode,
anode, and electrolyte materials in NIBs, with a focus, where posNIBle, on industry-relevant families of
electrodes and electrolyte materials, but without losing sight of novel emerging materials with enough
potential to become the next generation of candidates. In parallel, supercomputing architectures and more
accurate and cost-effective quantum chemistry approaches (covered in section 3) will undoubtedly help us to
discover new materials in broad compositional ranges which otherwise would consume extensive
research time.

We include a subsection on the not-so-well-known solid–electrolyte interphase (SEI) layer in section 4),
given its critical but extremely challenging role (due to the soluble nature of its components) in the cycling
stability and performance of NIBs. The unstable behaviour of the SEI may result in unreliable data
interpretation and thus, electrochemical measurement protocols need to be established to avoid discarding
potentially interesting candidate materials or making erroneous interpretations of results (section 5).

Furthermore, characterisation of the SEI under operando or in-situ conditions will be crucial to provide
good insight into the behaviour of this layer, and to draw correlations between electrolyte and electrode
formulations, the physicochemical properties of the SEI, and battery performance. Similarly, understanding
the long- and short-range processes occurring in electrode materials during battery operation is vital to
characterise the charge-compensation mechanisms that occur in the different families of NIB materials. A
relevant assortment of advanced in-situ/operando characterisation techniques—all used in the NEXGENNA
advanced characterisation platform, is described in section 6. Sections 7 and 8 cover relevant manufacturing
aspects of NIBs. This brings into play the use of full cells, which requires additional features that are not well
considered in half-cell studies, including a good synergy between the cathode, anode, and electrolyte
components, optimal electrode formulation, and architecture, among others. Finally, we provide an overview
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of the current UK and international industry targets for NIBs, with special emphasis on the future
performance metrics targeted by Faradion in the next five years with their technology, followed by a
technoeconomic analysis. To permit a comparison, the performance and economic targets of NIBs are
presented alongside commercial Li-ion battery data.

We expect that this 2021 roadmap for NIBs will be reference reading material for researchers working in
the areas of electrochemical science, battery chemistry, energy materials, advanced characterisation,
manufacturing, and computational methods. We also recommend other recent reviews on the topic of NIBs
to the readers of this roadmap (e.g. [2–4]). Furthermore, we hope to inform key industries about current
trends to encourage further investment in this technology, and influence decision-making from funding
agencies and private investors.
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1. Cathode materials

1.1. Layered transition-metal oxides: P2 | O3materials
Jake M Brittain1,2, Thomas J Wood1 and William I F David1,2

1 ISIS Neutron and Muon Spallation Source, STFC Rutherford Appleton Laboratory, OX11 0QX, United
Kingdom
2 Inorganic Chemistry Laboratory, University of Oxford, Oxford OX1 3QR, United Kingdom

Status
LIBs have not only transformed our digital electronic world but have also enabled the future electrification of
transport and domestic energy storage. NIBs can extend and expand these opportunities, offering safer and
more environmentally sustainable options. Recent significant developments indicate that Na-ion batteries
can achieve performances that are similar to their Li-ion counterparts.

The cathode materials in all the highest-performing LIBs have two-dimensional (2D) layered
crystallographic structures that are based on the chemical substitutions of the prototypical Li-ion cathode,
LiCoO2. The most promising Na-ion battery cathode materials possess a similar but richer layered geometry.
This additional structural richness is a consequence of the larger ionic radius of the sodium ion, which not
only adopts the elongated octahedral geometry observed in Li-ion cathode materials, but also crystallises
into a trigonal prismatic configuration. This added structural versatility not only offers the opportunity to
optimise for power and energy applications but also provides research directions for improved NIB
performance that include increased capacity, higher charge and discharge rates, superior cyclability, extended
lifetimes, and improved recycling.

Many P2 and O3 layered materials have been investigated for their potential use as Na-ion cathodes.
Figure 1 not only indicates the combinatorial opportunities for cation permutation but also highlights the
substantial variations in electrochemical performance. The symbols P2, O3, and P3 in figure 1 follow the
notation developed by Delmas et al [5] to describe the prototypical crystal structures that can be adopted by
layered Na-ion cathode materials. P and O respectively denote the coordination of trigonal prismatic and
elongated octahedral Na-ion sites between (MO2) metal-oxide sheets.

Figure 2 illustrates the two principal structural types. Assuming the sheets are stacked perpendicular to
the z-direction, the oxygen atoms in each layer within the xy-plane can occupy three possible positions,
denoted A, B and C. Each MO2 sheet contains two layers of oxygen atoms that are paired above and below
the metal layer. The number of pairs required to describe the NaxMO2 layered structure completes Delmas’
notation. An elongated octahedral Na-ion coordination is typically adopted for x = 1 materials. This,
combined with three oxide pairs per unit cell (AB CA BC) gives the rhombohedral phase its O3 notation.
The standard, single -metal O3 materials in the literature include NaNiO2 [7], NaFeO2 [8], and the
nickel-manganese hybrid, NaNi1/2Mn1/2O2 [9]. Trigonal prismatic Na-ion coordination is preferred for
0.6 < x < 0.7 and these phases typically form, with a two-pair repeating unit (AB BA), leading to a P2
notation for the hexagonal phase. Na2/3MnO2 [10], Na0.7CoO2 [11], and Na2/3Ni1/3Mn2/3O2 are the standard
undoped P2 materials described in the literature [12].

Current and future challenges
Many of the current and future challenges associated with layered Na-ion batteries are linked to the
development of higher-performance cathode materials. However, the added opportunities afforded by the
two distinct sodium environments within the P2 | O3 layered materials result in additional structural
complexities upon battery cycling. The atomic, nano- and meso-structural progressions of these structural
changes are not yet adequately characterised. A fundamental and comprehensive understanding of these
structural evolutions over many thousands of cycles is necessary to improve cycling, mitigate degradation,
and increase lifetime performance. Significant variations in performance, however, can result from subtle
substitutions. The observation, for example, that the addition of small percentages of redox inactive ions,
such as Mg2+ and Ti4+, results in substantial changes in electrochemical performance, is today an unresolved
issue, but looking forward, it will be both a combinatorial challenge and a commercial opportunity [13, 14].

A focus on power performance will best be met by P2-based systems because of the unique sodium-ion
environment, which enables facile ionic mobility through rectangular faces between adjacent trigonal
prismatic environments. This diffusion mechanism is not available to Li-ion batteries, suggesting that the
optimisation of P2-based sodium batteries may lead to higher diffusion coefficients and consequently higher
charge and discharge rates than for Li-ion batteries.

The best battery capacity performances will be associated with O3-based systems, which have the highest
sodium stoichiometries. Mimicking the best over-lithiated Li-ion batteries by over-sodiation may lead to a
further improvement in performance. The requirements of intermediate applications that involve both
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Figure 1. An electrochemical summary of various layered oxide sodium-ion cathode materials, comparing voltage, capacity and
energy density. All measurements are in half-cell systems. [6] John Wiley & Sons.

Figure 2. Crystal structures of P2 (left) and O3 (right) materials. Sodium ions are in trigonal prismatic (purple) and elongated
octahedral (orange) geometries, respectively. The metal layers are shown in grey, with their directionality indicated by the grey
arrows.

power and energy optimisation can be addressed by the development of hybrid P2 | O3 materials [15].
Figure 1 indicates that there is a large combinatorial space of cation permutations that can be explored to
improve power and energy densities, cycle life, and recyclability to meet the optimisation requirements of
different industrial applications.

Perhaps most significantly, layered P2 | O3 cathodes offer the opportunity to develop sustainable ‘green’
batteries that are only manufactured from earth-abundant materials. LIBs face ethical challenges associated
with mining the metal-containing ores as well as economic issues related to material scarcity and the
environmental impact of recycling toxic chemical constituents. Fabricating high-performance NIBs from
safe, earth-abundant materials containing, for example, a combination of sodium, iron, manganese,
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Figure 3. Band structures of layered oxides with (a) cationic redox, (b) anionic redox resulting from strong M–O covalent bonds
and (c) anionic redox resulting from undercoordinated oxygen ions. Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature, Nature Energy [16] © 2018.

Figure 4. Schematic illustration of the depth of analysis for laboratory XPS, HAXPES, XAS, and RIXS. Used under licence (http://
creativecommons.org/licenses/by/4.0/). Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer
Nature, Communications Chemistry [23] © 2019.

spectrometry, Raman spectroscopy, electron paramagnetic resonance spectroscopy (EPR) and sequential
cyclic voltammetry (CV) are often in demand to decouple oxygen redox from electrolyte decomposition.
However, ex situ techniques may be unreliable due to the reactivity and instability of the phases formed at
high states of charge. This has led to the recent suggestion that the behaviour of Li-rich layered materials may
be derived from the Mn4+ →Mn7+ + 3e− redox reaction, the resulting species being too unstable to be
observed [22]. Nonetheless, there is a strong indication of oxygen redox activity, based on a combination of
ex-situ, in-situ and operando techniques.

Advances in science and technology to meet challenges
As mentioned above, the biggest problems encountered in cathode materials exhibiting oxygen redox are
capacity fade combined with large voltage hysteresis. Among the exceptional materials which exhibit
suppressed voltage hysteresis are Na2Mn3O7 [24], with ordering between Mn and intrinsic transition metal
vacancies and NaxMn1−yLiyO2 [19], with a ribbon superstructure. These examples confirm that well-defined
ordering in the transition-metal layers mitigates detrimental cation migration and phase changes. In the case
of NaxMn1−yLiyO2, repopulation of mobile Li at the original site is critical to the retention of the
superstructure. To exploit these advantages, the design of materials containing transition-metal vacancies
and/or dopants that migrate reversibly represents a promising route towards reversible oxygen redox. This
strategy should be coupled with an investigation of the mobility of transition-metal vacancies and the
associated electronic structure changes. The development of ultra-high-resolution XAS and RIXS will be
necessary to describe the complete mechanism of oxygen redox by distinguishing different oxidised oxygen
species and to provide a detailed account of transition-metal charge transfer. As an alternative strategy, the
activation of materials via partially reversible oxygen redox may be used to develop materials with enhanced
cycling performance not accessible by direct synthesis. This approach may be considered analogous to the
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defects and the importance of interlayer spacing, and x-ray PDF [102] has been used to understand the
connectivity between ordered and disordered domains and the way Na travels throughout the hard carbon
from defects and graphitic domains into the pores. Finally, significant machine learning efforts have recently
been dedicated to the ‘in silico’ design of optimised carbons based on experimental characterisation
techniques [94]. At a commercial level, the Japanese company Kuraray sells KURANODE™ as a hard carbon
for LIBs and NIBs, with good performance, but few structural details. This product is often used as a
benchmark by many researchers developing optimisation strategies for NIBs at the cell level, as well as by
some of the small and medium enterprises developing NIBs.

Concluding remarks
Much progress has been made in developing hard carbon anodes with outstanding performance for NIBs.
Future optimisation could be possible via automation of the synthetic processes using robots coupled with
machine learning. Benchmarking of the best-performing hard carbons would be ideal to unify the efforts of
NIB developers and standardise protocols at an international level.

Acknowledgment
We would like to thank the EPSRC ISCF EP/R021554/2 for financial support to enable new discoveries in
hard carbons for NIBs.

24



J. Phys. Energy 3 (2021) 031503 N Tapia-Ruiz et al

2.2. Titanium-based oxides
Sara I R Costa1,3, Rebecca R Boston2,3 and Nuria Tapia-Ruiz1,3

1 Department of Chemistry, Lancaster University, Lancaster LA1 4YB, United Kingdom
2 Department of Materials Science and Engineering, University of Sheffield, Sheffield S1 3JD, United
Kingdom
3 The Faraday Institution, Quad One, Harwell Science and Innovation Campus, OX11 0RA, United Kingdom

Status
Titanium-based oxides are among the most promising and versatile Na anode materials, due to their low
cost, ease of processing, and non-toxicity. These materials are safer than carbon-based anodes given their
higher operating voltage, which prevents metallic sodium plating. This occurs, however, at the cost of
delivering lower energy density. In most cases, the storage of Na+ ions occurs through a (de)insertion
mechanism driven by the Ti4+/Ti3+ redox couple. The most representative oxides include TiO2, Li4Ti5O12,
Na2Ti6O13, and Na2Ti3O7, which will be briefly described herein.

TiO2-based anodes are a promising avenue of research, due to their high structural stability and
theoretical capacity (335 mAh g−1). Microsized TiO2 is inactive in NIBs; however, reducing the particle size
to the nanoscale activates reversibility, achieving practical capacities of ca. 155 mAh g−1 [103]. The various
TiO2 polymorphs exhibit different electrochemical performances, with anatase (crystalline and amorphous)
generally being the favoured form [104]. Li4Ti5O12 (Fd-3m) has been widely studied as an anode in LIBs due
to its zero-strain behaviour [105]. In NIBs, it delivers a reversible capacity of 155 mAh g−1 by inserting three
Na+ ions into the structure at a relatively low potential (0.9 V) [106]. Among the Na–Ti–O ternary
compounds, Na2Ti6O13 (C2/m) shows high Na+ ion diffusion due to its tunnel structure and small volume
change (<1%) upon Na+ ion (de)insertion. However, it displays an impractical storage capacity of
49.5 mAh g−1 [107]. Control of the morphology, particle size, and exposed crystal facets has significantly
increased the capacity to 109 mAh g−1 (at a rate of 1 A g−1) after 2800 cycles [108]. On the other hand,
Na2Ti3O7 (P21/m) has been widely investigated in recent years due to its low working potential (0.3 V); it
delivers the highest energy density among this family of compounds (figure 11). Na2Ti3O7 exhibits a specific
capacity of 177 mAh g−1 through the reversible insertion of two Na+ ions per formula unit [109].

Current challenges to be overcome before this compound can be used in practical applications include
poor electronic conductivity and sluggish Na+ ion (de)insertion kinetics. These will be described in detail
below. Recent advances in this area include the discovery of a new Na2Ti3O7 triclinic phase (P-1) with a
similar working potential to the monoclinic phase, but with an outstanding capacity retention of 94.7%
(after 20 cycles at 20 mA g−1) [110], and the development of Na2Ti3O7/Na2Ti6O13 hybrids, which combine
the higher storage capacity and ionic conductivity of their respective phases, resulting in excellent cycling
stability and superior rate performance [111].

Current and future challenges
The main factors limiting the commercialisation of Na2Ti3O7 (NTO) in NIBs are the low electronic
conductivity and sluggish Na+ ion (de)intercalation kinetics, which result in poor rate performance and
cycling stability.

The presence of Ti4+ ions (d0) makes NTO an electrical insulator (bandgap energy≈ 3.7 eV) [112],
which hampers Na+ ion diffusion within the crystal structure (DNa+ in NTO is≈ 2–3 orders of magnitude
lower than that in hard carbon). Thus, a major area of research encompasses the development of strategies to
enhance long-term cycling stability, particularly at high current densities. These mainly involve: (a) bulk and
surface structural control through doping and the introduction of defects; (b) nanostructuring; and (c)
composite fabrication with carbon allotropes. Furthermore, the formation of an SEI layer on the surface of
the electrode and the consumption of Na+ ions by carbon additives below 1 V result in low initial coulombic
efficiency (ICE) (40%–60%). These phenomena are particularly critical in full cells, where there is limited
sodium available. Methodologies are therefore required to mitigate the initial capacity irreversibility,
although, to date, such procedures are underdeveloped. Additionally, the high reactivity of Na metal when
used in half cells contributes to the underperformance of NTO due to the formation of an unstable SEI layer,
requiring the use of three-electrode cells and full cells to gain a better insight into the Na contribution to the
overall performance.

Few studies have demonstrated the complex nature of the SEI composition. For example, Casas-Cabanas
et al reported the formation of various SEI inorganic and organic species, such as Na2CO3, alkyl carbonates
and PEO during discharge when using 1 M NaClO4 in an EC:PC electrolyte [113]. Moreover, NaCl and NaF
products have been observed before cycling, as a result of the decomposition of the NaClO4 inorganic
electrolyte salt and the Polyvinylidene fluoride (PVDF) binder, respectively. Alternative inorganic salts, such
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Figure 11. Average voltage and energy density vs. gravimetric capacity for various Ti-based anodes for Na-ion batteries (NIBs).
Energy density is calculated based on the weight of active materials in positive and negative electrodes using their reversible
discharge capacity.

as NaBF4 or NaFSI and binders, such as sodium alginate or sodium carboxymethylcellulose have shown
superior cycling stability, although their performance still lags behind those of their Li analogues [114].

Therefore, the development of next-generation electrolytes and binders is crucial to further improve
battery efficiency. Another issue is the structural relaxation of the fully sodiated phase (Na4Ti3O7), attributed
to the large electrostatic repulsion in the crystal structure [115]. This phenomenon may lead to self-discharge
in full cells containing NTO, compromising cycling stability.

Advances in science and technology to meet challenges
To address the poor electronic conductivity and high Na+ ion migration barriers in NTO, different
approaches, including bulk and surface (micro)structure design and carbon composite fabrication have been
considered.

Elemental doping using small concentrations (<5 at.%) of Nb [116] and elements from the lanthanide
series (e.g. Yb) [117] has been shown to decrease the bandgap energy, enabling superior high-rate
performance in NTO. For example, Nb-doped NTO demonstrated a 0.3 eV reduction in bandgap energy
with respect to pristine NTO [116]. The enhanced electrochemical performance was attributed to
doping-induced crystal structure distortions, together with the formation of Ti3+ ions. Furthermore, oxygen
vacancies, which act as n-type defects, were claimed to contribute to the higher electrical conductivity
observed in Yb-doped NTO [117]. Similarly, surface treatments involving the direct or indirect use of
hydrogen have been used to create oxygen vacancies, conferring high capacities at fast rates [118].

Besides changes in the crystal structure, nanostructuring strategies have been extensively developed,
showing an improved electrochemical performance through more efficient Na+ ion (de)intercalation,
exploiting larger surface areas which can be further enhanced by creating continuous networks of material to
improve electronic conductivity. For instance, Anwer et al used solvothermal synthesis to create 3D networks
of 2D NTO nanosheets [119], generatingmicroflowers (figure 12(a)) with a stable capacity of 108 mAh g−1

(200 mA g−1) over 1000 cycles, while NTO nanotubes 10–20 nm in diameter (figure 12(b)) have shown a
high stable capacity of 100 mAh g−1 [120] (100 mA g−1) over 2000 cycles. Moreover, the use of carbon
coatings [115] and carbon composite mixtures [121] is a common strategy to improve the electronic
conductivity and pseudocapacitive contribution during Na+ ion storage. For instance, nanosheet-coated
carbon shell particles delivered a capacity of 110 mAh g−1 (885 mA g−1) over 1000 cycles [122].

Finally, understanding the impact of electrolyte composition on interfacial electrochemistry is crucial for
developing approaches to further prolong the cycle life of NIBs. Although this area is still in its infancy,
preliminary work has been developed to mitigate SEI film instability by improving electrolyte formulations
(e.g., by the incorporation of fluoroethylene carbonate (FEC) additives) and through surface engineering,
among others.
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Figure 12. Examples of nanostructures in Na2Ti3O7. (a) SEM image of microflowers. Reprinted with permission from [119].
Copyright (2017) American Chemical Society. (b) TEM image of nanotubes. [120] John Wiley & Sons.

Concluding remarks
Titanium-based oxides represent a very exciting class of anode materials due to their safety, stability, low-cost,
non-toxicity, and ease of processing. While progress has been made in terms of understanding the factors
limiting the rate performance and cycling stability, much work is still required to realise these concepts in
terms of delivering high energy and power densities in NIBs. We anticipate that the greatest advances will
arise from further enhancements in electronic conductivity (by combining several of the strategies described
here) and further exploration within this family of compounds, including composites. Designing more stable
anode/electrolyte interfaces will also be crucial to advance this area of research. This will require a better
fundamental understanding of the physicochemical properties at the interface, the behaviour and stability of
the fully sodiated phase, and the driving factors behind the poor initial coulombic efficiency.
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Status
The development of alloy and conversion negative electrode materials for NIBs (which characteristics are
resumed in figure 13) represent a substantial fraction of the work carried out to develop a suitable anode for
application in commercial systems. While, on the one hand, the high reactivity of sodium and its low melting
point (98 ◦C), as well as the formation of dendrites during its electrodeposition, make it significantly less safe
than Li, on the other hand, in contrast to the case of LIBs, graphite does not intercalate Na+ in conventional
electrolytes, and thus alternative anodes have to be found.

Several families of materials capable of reacting electrochemically with sodium have been studied and can
be classified, as for LIBs, according to their reaction mechanism, as either insertion, alloy, or conversion
materials [123]. However, the mechanism and performance of such materials in NIBs cannot be directly
extrapolated from those observed in LIBs.

The alloying reaction is usually observed with p-block elements (Ge, Sn, Pb, P, Sb, Bi, etc) and some
transition metals (e.g., Ag, Zn and Au) which form stable alloys with Na [124]. Alloy materials (AM) usually
involve a multiple-electron exchange, thus leading to very high capacities. However, the formation of the
sodiated alloy causes a strong expansion of volume, even worse than that of LIBs, which represents a real
limitation on their application. The most interesting AMs are surely phosphorus and antimony, which lead
to the formation of Na3P (2596 mAh g−1) and Na3Sb (660 mAh g−1), respectively. Interestingly, silicon,
while very promising in LIBs, is practically inactive in NIBs. While phosphorus delivers a very high
theoretical capacity, antimony has shown the greatest affinity for sodium [125].

The family of conversion materials (CM) mainly includes metal oxides and sulphides, even though other
families, such as metal selenides, carbodiimides, halides, and phosphides have been explored [126], all of
which underwent the so-called conversion reaction [127] with Na. CMs can deliver high specific and
gravimetric capacities with excellent cycling stability, but they also face at least one critical issue related to
their low initial coulombic efficiency or high volume expansion.

The study of the electrochemical and aging mechanisms in both AMs and CMs has been rather
challenging, given that multi-phase systems are often obtained during cycling, and many of the species
formed are amorphous, nanosized, and especially metastable. The development of specific operando tools is
therefore mandatory for the study of these materials [128, 129].

Current and future challenges
The main challenges for AMs and CMs in NIBs are related to volume expansion and both the ionic and
electronic conductivities of these materials. The large reversible volume exchange during charge/discharge
cycles produces mechanical stress, which, on the one hand, rapidly leads to the electrochemical pulverisation
of the electrode material, and, on the other hand, exposes new portions of the metal surface to the electrolyte
at each cycle, leading to continuous electrolyte degradation and thus difficult stabilisation of the SEI.
Moreover, in some cases, such as that of phosphorus, the active material is intrinsically insulating, hindering
electronic percolation in the electrode. Control of these phenomena is necessary for practical applications,
and several strategies have been proposed to reduce the consequences of drastic volume changes and to boost
electronic conduction.

The simplest approach is to optimise the electrode formulation using conducting additives, electrolytes,
and binders. In the case of phosphorus, for instance, the addition of 1D (carbon nanotubes) or 2D
(graphene) nanomaterials to the electrode formulation has been shown to improve the conductivity of C/P
composites, leading to an outstanding capacity retention of 80% over 2000 cycles [130], despite noticeably
impacting capacity and energy performance. Nanostructuring is also a common approach to accommodate
the stress and strain in AMs and CMs without pulverising the electrode, and to improve the ionic and
electronic transport pathways. For instance, tin particles smaller than 10 nm allow a decrease in the strain,
effectively mitigate pulverisation, and also limit their aggregation during cycling. Such nanoparticles,
homogeneously embedded in a carbon matrix, deliver a stable capacity of 415 mAh g−1 after 500 cycles at
1 A g−1 [131]. Even tuning the morphology and porosity of the materials may allow an improvement in the
performance. An interesting way to do so is to transform bulk materials into 2D materials which can buffer
volume expansion during alkali insertion [132]. For instance, phosphorene synthesised by exfoliating
phosphorus shows a rapid charge transfer between less-conductive phosphorene interlayers. In the same
spirit, layered graphene/phosphorene electrodes achieved a reversible capacity of 2440 mAh g−1 (per gram
of P) over 100 cycles [133].
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Figure 13. Alloy and conversion anodes compared to other families of materials. Reproduced from [123] with permission of The
Royal Society of Chemistry.

Advances in science and technology to meet challenges
As described above, the main challenge for AMs and CMs is related to volume expansion, which results in the
continuous pulverisation of electrode materials and leads to a steep deterioration in electrochemical
performance. The consequences of the large volume expansion are worsened by continuous electrolyte
reduction, which affects both the coulombic efficiency and the cycle life.

The different strategies presented in the previous section have led to great progress in electrochemical
performance in terms of cycle life, even though a substantial decrease in volumetric energy density cannot be
avoided, especially when composites with inactive materials are prepared. Moreover, if in the early papers,
the effective behaviour of the presented materials was mainly tested in half-cells vs. Na metal, the more recent
study of these materials in realistic full cells against a real cathode material has increased, and is now rather
common (for CM, see [132]). These studies are necessary to correctly evaluate the viability of these materials,
which still cause non-negligible electrolyte decomposition and irreversible sodium trapping, and thus, low
coulombic efficiencies in both the first and the following cycles.

When compared with other types of anode material, up until now, the performance of AMs and CMs has
not beaten that of hard carbon. This is partially due to the large amount of cathode excess required to
compensate for the large initial irreversible capacity and the low coulombic efficiency in cycling. Therefore,
one can conclude that the primary challenge for AMs and CMs has still to be solved [134].

Up until now, hard carbon has remained the most relevant candidate, even though its cost is significantly
higher than that of graphite; in fact, the cost of graphite ranges between 500 and 2000 $/ton, which is similar
to the cost of some of the common precursors of hard carbon (e.g. cellulose or sucrose). Among AMs,
antimony is probably the most promising material, since it possesses a large gravimetric charge storage
capacity (660 mAh g−1) associated with an excellent rate capability and cycle life. Such excellent
performance, exceeding that of Sb in LIBs, should give it good prospects when used in composites with hard
carbon. Indeed, a good compromise between energy and lifetime cost can, in principle, be attained for such
composites.

Concluding remarks
Many studies of many AMs and CMs in NIBs have shown that most of them form Na-rich phases, and thus
produce high specific capacities and energy densities. While volume expansion is often invoked as a possible
limitation of the life span of such electrodes, several studies have shown impressively long cyclabilities,
especially for antimony-based systems. Their durability lies in the elastic softening of the sodiated antimony
phases, which enhances the ability of the electrode to absorb and mitigate the strong volume changes upon
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(de)sodiation [135]. The development of composites of antimony with hard carbon seems, therefore, a viable
alternative. Even though such composites might still not allow NIBs to reach the performance of current
LIBs, their application is still suited to applications where the energy performance is not critical, such as in
stationary energy storage.
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Status
The relatively large radius and heavy mass of sodium ions require NIB anode materials with large interlayer
spacings. The large volume expansion and pulverisation of some anode materials during cycling also pose
significant challenges for the development of high-performance NIB anodes. The rational stacking of various
2D nanosheets could allow electrode designs that would be mechanically stable over a large number of cycles.

2D materials possess attributes that may help to address these challenges. In particular, metallic 2D
materials with high conductivity may improve the reaction efficiency, and weak van der Waals bonding
between planar layers may allow the fast diffusion of Na+. Furthermore, the interlayer spacing between
nanosheets can increase the contact area with the electrolyte and shorten the Na+ diffusion length.
Electrodes fabricated by the restacking of exfoliated 2D nanosheets are mechanically flexible and can
accommodate large expansions in volume [136]. Among such electrodes, the metallic phases of 2D
transition-metal dichalcogenides (TMDs)MX2 (M =Mo, W, Ti et al; X = S, Se, Te) such as molybdenum
disulphide (MoS2) [137, 138] provide large channels (6.15 Å) for Na+ intercalation and possess a high
theoretical capacity of 670 mAh g−1, which makes them promising for use in NIB anodes [139]. The unit
cells of the semiconducting 2H phase and the metallic 1T phase of MoS2, along with an image of a uniform
solution of chemically exfoliated nanosheets are shown in figures 14(a) and (b). A cross-sectional scanning
electron microscope (SEM) image of the restacked 1T phase MoS2 nanosheets is shown in figure 14(c).
Individual nanosheets can be seen, with intercalation sites between them.

Current and future challenges
2D TMDs are promising anode materials for Na-ion batteries, but several challenges hinder their
performance. One challenge is the lack of understanding of the charge-storage mechanism. Broadly
speaking, TMD-based NIB anodes work via the intercalation/extraction of sodium ions in the layered
structure. Unlike storage mechanisms in conventional 2D materials (graphene, MXenes), a phase transition
occurs in TMD-based electrodes, accompanied by electrochemical intercalation of sodium ions into the
structure [140]. For example, in MoS2 anodes, the intercalation of ions leads to a transformation from the
semiconducting 2H phase to the metallic 1T phase [141]. This transition from 2H-MoS2 to 1T-MoS2
involves a slippage of the intralayer atomic planes, and thus largely influences the intrinsic properties of the
material, as well as its electrochemical performance. A series of other structural features in MoS2—such as
lattice distortion, structural modulation, and irreversible decomposition—are also observed during sodium
ion intercalation. Furthermore, information regarding the formation of the SEI layer on the MoS2 anode is
not well elucidated. Therefore, a better understanding of the working mechanism and intercalation
chemistry of MX2 compounds is required for better NIB design.

Advances in science and technology to meet NIB anode challenges
In-situ/operando characterisation techniques are being developed to understand the mechanisms at work in
these materials and improve their electrochemical performance. In-situ atomic force microscopy (AFM)
using a microcell has been used to study the evolution of structural changes and formation of an SEI on
MoS2. It was observed that mechanically exfoliated MoS2 wrinkles upon sodiation at 0.4 V, and that the SEI
layer forms quickly, before the intercalation of sodium ions. This measurement also showed that the SEI layer
thickness on the MoS2 electrode is≈20.4 nm± 10.9 nm [142]. In addition, aberration-corrected scanning
transmission electron microscopy (STEM) was used together with in-situ x-ray diffraction (XRD) to track
the phase transition in MoS2 [141]. It has been demonstrated that in NaxMoS2, x = 1.5 is a critical point for
reversible structural evolution. This critical point indicates that the structure of MoS2 can be partially
recovered if the concentration of intercalated sodium ions is less than 1.5 per formula unit of MoS2.
However, its structure cannot be restored once it is decomposed into NaxS and metallic Mo. In-situ
spectroscopy has been used to study the growth of Na dendrites and SEI formation on TMD-based anodes.
Synchrotron-based soft XAS has been used to investigate discharge products by probing states near the Fermi
level [143]. XAS has also been used to reveal the the local electronic and chemical structure of surfaces and
interfaces. These types of analysis could be extended to 2D TMD electrodes to study local changes in their
atomic and electronic structures during charging and discharging. Similarly, the Rutherford backscattering
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Figure 14. (a) Structures of semiconducting 2H- and metallic 1T-phase MoS2. (b) Photograph of chemically exfoliated metallic
MoS2 nanosheets suspended in water. (c) SEM image of 1T-phase MoS2 electrodes obtained by restacking exfoliated nanosheets.
The inset shows the spacing between the restacked nanosheets, which could facilitate the intercalation and de-intercalation of Na
ions. Reprinted with permission from [137]. Copyright (2011) American Chemical Society. Reprinted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature, Nature Nanotechnology [138]. © 2015.

spectrometry (RBS) technique can be employed to determine the composition and thickness of the SEI that
forms on anodes during electrochemical cycling [143].

Concluding remarks
In summary, the field of 2D TMDs is in a nascent phase. While 2D TMDs are interesting, several key
challenges remain. Furthermore, much of the work on Na-ion batteries has been done on the
semiconducting 2H phase of TMDs. This phase is hydrophobic and lacks conductivity, resulting in sluggish
ionic diffusion. In contrast, the metastable metallic phase of TMDs has been less studied. The exfoliation of
metallic TMDs and the restacking of 2D nanosheets into electrodes are likely to provide electrodes with
better intercalation efficiency and faster kinetics.
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Status
OEMs currently lie at the periphery of rechargeable battery technology. However, with the increased
emphasis on sustainability, electrochemically active organic molecules, which, in principle, can be derived
from biomass or recycled from commercial waste, are the subject of increased interest [144]. Although the
suitability of organic polymers as electrodes for alkaline metal-ion batteries was reported in the early years of
secondary battery development, it is only during the last decade that research in this area has witnessed a
resurgence, with the successful application of small redox-active organic molecules for reversible ion
insertion in LIBs and subsequently NIBs, for example, disodium terephthalate (Na2C8O4H4) and its
analogues [145]. This recent progress has coincided with the growing applications of small organic molecules
in the preparation of several classes of solid-state materials. The features of structural diversity and the ability
to modulate their electronic properties on demand, make organic systems attractive candidates to explore for
battery applications.

Redox reactions in these materials typically involve molecules that have an initial neutral electronic state,
but then acquire a net charge [146]. This is either accompanied by the rearrangement of π-bonds in the
backbone, or other mechanisms that stabilise the redox state. Moieties such as carboxylates are well suited for
anodes, on account of their low-voltage redox reaction (figure 15(a)) [147]. Since bare organic molecules
have high solubility in polar solvents, usually, such active molecules are considered for use in coordination
compounds, which are relatively stable solid-state materials. Organic chemistry permits the tailoring of the
the local molecular environment to alter electrochemical features, such as the working voltage of the material
and the density of active sites. Also, over the last few years, new redox chemistries and active moieties, such as
azo (figure 15(b)) and imine have been identified and tested for charge storage at lower voltages. Although
their working principle is similar to that of carboxylates, these groups are usually the central part of the
molecule, unlike carboxylates, which tend to be terminal groups. Apart from these well-studied mechanisms,
a few organic systems have shown reversible ion insertion using different pathways [147]. In addition to the
goal of practical implementation, there is an interest in developing a fundamental understanding of the
unexplored active groups.

Current and future challenges
Organic anode materials have considerable room for improvement, in terms of bothelectrochemical
properties and material development (figure 16). Organic molecules show redox activity at specific active
sites, which leaves a significant portion of the molecule unused. This directly contributes to lower theoretical
capacities. An important aspect of the study of these materials is the improvement of cycling stability. The
use of organic electrolytes in non-aqueous batteries leads to the formation of inactive side products or the
solubility of small, active organic molecules for long-term cycling. The formation of a solid–electrolyte
interphase (SEI) gives notably low coulombic efficiencies for the initial cycles, which is particularly relevant
for practical applications [148]. Another feature of OEMs is their low density, resulting in significantly lower
volumetric energy density. However, making their structures compact may result in an increase of volume
expansion during (de)insertion of bulkier species, such as Na+ ions. Most organic materials have poor
electronic conductivity, requiring significant amounts of conductive carbon either as physical mixtures or as
composites with the active solid, which directly adds to the non-contributing weight of the electrode.
Although there is immense scope to modulate structural features, the carbonyl and imine groups only
accommodate one Na+ ion per site, and the stabilisation of the redox state requires a conjugated backbone
(figure 15(a)). On the other hand, azo bonds can insert two Na+ ions (figure 15(b)), but their working
potential is seen to be much higher, which reduces the overall energy density of the battery.

Apart from electrochemical performance, an in-depth understanding of the activity and the factors that
influence that activity are yet to be fully realised. These are crucial to meet the upcoming targets for the
applications of rechargeable batteries. In this context, the production costs and scalability of this class of
materials also have room for more research. In addition, the thermal and chemical stability of organic
molecules is limited and requires more development to support practical implementation.

33



J. Phys. Energy 3 (2021) 031503 N Tapia-Ruiz et al

Figure 15. (a) Representation of Na+ ion insertion in a typical organic redox-active molecule—disodium
naphthalene-2,6-dicarboxylate (Na2NDC). (b) Figure showing electrochemical reaction observed for azo-bonded organic
molecules.

Figure 16. Schematic showing aspects of contemporary research in the domain of organic anode materials, including broad
objectives.

Advances in science and technology to meet challenges
A major theme of research in this area has been to leverage the versatility of organic chemistry for molecular
engineering and examine new molecules by varying their atomic or structural properties (figure 16). Among
various molecules, carboxylates bonded to aromatic systems are the most popular moieties. Strategies to
extend π-conjugation or vary the secondary functional groups have shown the potential to both improve
cycling performance and stabilise redox states. In certain cases, upon careful design, the extended
π-conjugation has participated in the electrochemical reaction, leading to the insertion of excess charges
[149]. The role of secondary functional groups is to modulate the electronic properties of the molecule and
provide additional interaction sites for Na+ ions. It is observed that in structurally similar molecules,
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electron donor groups lower the working voltages, while electron-withdrawing groups tend to increase the
redox potentials [150]. Heteroatom (N-atom) substitution in the backbone has resulted in higher capacities
and smoother kinetics by virtue of favourable interactions with Na+ ions. In systems with sulphur (S) atoms,
the capacity is seen to increase on account of the additional interaction sites, and the electronic conduction is
also improved [151]. Apart from molecular features, bulk properties are known to affect the cycling
performance of electrode materials. The morphology and particle size of the active organic material are seen
to play significant roles in the practical capacities and kinetics of ion insertion [152].

Although atomic features lead to the modulation of electrochemical properties, even the conventionally
studied molecules still show issues of cycling stability and volume expansion. In recent years, various porous
materials displaying long-range order based on redox-active small organic molecules have been tested with
the aim of circumventing the issues of solubility and stability. These include metal–organic frameworks
(MOFs) and covalent organic frameworks (COFs), which are seen to be stable to cycling and can
accommodate bulky Na+ ions [153]. However, research into porous materials has largely been confined to
the preparation of electrochemically active hierarchical carbonaceous matter; and very few examples have
used the pristine materials.

Concluding remarks
Organic battery materials are likely to contribute significantly to the pursuit of sustainable technologies. As
anodes in NIBs, small organic molecules with redox-active groups such as carboxylate, azo, and imine have
shown much promise. Several aspects of these compounds, such as their cycling stability, volumetric
densities, and poor electronic conductivity, require more research to compete with benchmark materials.
Much progress is anticipated through the incorporation of the knowledge gained and the extensive testing of
novel solid-state materials based on the use of organic molecules as battery electrodes. The rich diversity of
organic chemistry presents an opportunity to explore untapped redox-active groups and expand our
understanding of molecular engineering to support the delivery of high-performance materials. In addition
to fundamental objectives, practical parameters such as scalability and production costs also need to be
addressed.
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Status
In the last two decades, advances in supercomputing architectures and the development of more accurate and
cost-effective quantum chemistry approaches have enabled the computational exploration of new materials
to take place in a more rapid and rigorous manner. DFT calculations have emerged as a key component in
the computational discovery of materials. To accelerate the discovery of materials in such a vast chemical
compositional space, numerous DFT-based approaches have been reported and can be classified into three
types [154]: (a) chemical substitution, (b) crystal-structure prediction, and (c) data mining.

Most new materials have been discovered by chemical substitution, i.e., a simple element replacement in
known structural prototypes. This is particularly effective for Na-ion battery (NIB) materials, as these
materials share similar atomic structures with their LIB counterparts. Representative examples include
layered oxide cathodes of NaxTMO2 (TM = transition metals) and solid electrolytes of Na10MP2S12 (M = Si,
Ge, Sn). In contrast, crystal-structure prediction, e.g., random structure prediction and evolutionary
algorithms, begin with random atomic configurations within sensible constraints on bond lengths, followed
by local optimisations that find the lowest-energy structures. In general, evolutionary algorithms should
offer better efficiency, as they improve candidate guesses over time by comparing the lowest-energy solutions
found at every iteration. These two methods have proven to be effective in predicting the intermediate phases
of alloying electrodes of NIBs, such as Sn and Sb [155].

Data mining has now emerged as a promising method for facilitating materials discovery, as it can
establish criteria for new material formations and construct quantitative structure–property relationships for
predicting their properties. In conjunction with high-throughput algorithms, this approach has recently
been applied to predict new potential cathodes and solid electrolytes for NIBs [156]. However, due to the
high dimensionality of the problem and the relatively small number of known battery materials in databases,
the predictive ability of the results obtained remains controversial. Continuous research effort has been
devoted to improving the accuracy of models [156]. All the structure-prediction methods mentioned above
can be supported by various open-source structure-prediction tools (figure 17).

Current and future challenges
While various structure-prediction methods exist, the exploration of NIB materials has mostly been limited
to structures with existing prototypes reported in LIBs. This is because of the difficulties involved in
predicting previously unknown structures, which is especially tough for NIB materials that have
characteristic features, including:

Large elemental phase space
The exploration of potential NIB materials often faces increased complexity necessitated by the large number
of elemental combinations, which are sometimes even more numerous than their LIB counterparts. For
instance, NaxTMO2 can feature a plethora of redox-active transition metals (TMs) (Ti, V, Cr, Mn, Fe, Co, Ni,
and Cu) compared to LixTMO2 where only Co-, Ni-, and Mn-redox are available [158]. Furthermore,
continuous efforts to optimise their stacking sequence (e.g., P2- and O3-type) have introduced various
dopants (e.g., Ni, Cu, Mg, Zn) [158], making the compositional space much more complicated. Such broad
elemental combinations lead to a significant number of candidate chemical formulae that need to be
considered for the prediction of high-performance cathodes.

Materials stable only at elevated temperatures
Among the various synthesis routes reported to date, high-temperature sintering has become one of the most
common ways to fabricate electrodes and solid electrolytes with high Na+ conductivities. The resultant
structures are often only stable at elevated temperatures. The discovery of high-temperature metastable
materials is challenging with standard DFT calculations alone, as they do not include the vibrational entropic
contributions or the associated temperature effects. To predict materials at a finite temperature, it is therefore
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Figure 17. Schematic of the procedures used for computational materials discovery in previous studies. Publicly accessible tools
for structure prediction are also listed for reference. Reprinted figure with permission from [157], Copyright (2008) by the
American Physical Society.

necessary to perform additional phonon calculations that can describe atomic vibrations, which carries a
significant computational cost.

Strong self-interaction errors in correlated TM oxides
Anionic redox in TM oxides has emerged as a new paradigm to increase the energy density of NIB cathodes.
However, accurate prediction of the redox activity of TM oxides has been challenging for standard DFT
calculations. This is because conventional generalised gradient approximations of DFT cannot correct the
self-interaction error in O and, in particular, in TMs with highly correlated d-orbitals [159]. To counteract
the self-interaction error inherent in DFT, the use of computationally intensive methods, such as the
DFT+ U approach or hybrid density functionals, is essential.

Advances in science and technology to meet these challenges
Advances in computational resources and theoretical methods have progressed greatly recently, such that the
difficult challenges of discovering novel NIB materials are now becoming tractable. There have been
important developments in the consideration of temperature effects, such as the quasi-harmonic
approximation and the highly efficient ab initiomolecular dynamics [160]. Another recent direction in the
study of temperature effects has targeted many-body approaches, such as the path-integral Monte Carlo and
self-consistent harmonic approximations. The application of these methods provides a route for evaluating
the thermal properties of materials, allowing the prediction of potential NIB materials that are stable at high
temperatures. In order to accurately describe strongly localised d-orbitals, various novel functionals (e.g., the
DFT+ U approach and hybrid density functionals) have been suggested. To fully remove the self-interaction
errors, many-body approaches, such as quantumMonte Carlo and random-phase approximation, are
becoming achievable using today’s supercomputing architectures.

Challenges remain, however, in exploring the potential phase space of multicomponent Na-ion systems,
which is still prohibitively large to search fully. Therefore, to provide accurate descriptions of materials and at
the same time maintain a competitive computational cost, researchers should take inspiration from the
generations of chemical knowledge in the battery arena. The use of chemical heuristics has been shown to
have great potential for narrowing down phase space. For example, the constraints of charge neutrality and
electronegativity balance can significantly reduce the total number of candidate materials by two orders of
magnitude [161]. Recent efforts to reduce the number of candidates have developed several less expensive
and less accurate ways to estimate the properties of NIB materials: Mulliken electronegativity and the
solid-state energy scale were used to estimate the electrochemical stability window (ESW) [161],
Voronoi–Dirichlet partitioning and the bond valence sum were used to estimate the ionic conductivity [162],
and ‘cationic potential’ was used to estimate the stacking sequence of cathodes [163].

Another persistent issue in battery materials is the environmental sustainability of the constituent
elements, of which the drive to reduce expensive and toxic Co in LIBs is the prime example. Therefore,
further improvements in the NIB arena should also be driven by using only earth-abundant and non-toxic
elements, with an eye to our responsibility to be environmentally friendly.

Concluding remarks
Recent advances in computational methods and increasing computational power have provided researchers
with a new toolkit with which to explore a vast chemical space for targeted materials discovery. The
systematic integration of these tools can pave the way for the discovery of future NIB materials (figure 18).
Major challenges remain, however, in the assessment of the properties of NIB materials. Despite the various
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Figure 18. Integration of structure-prediction methods into the discovery of materials for future NIBs.

computational approaches developed to date, calculations for structures that can only form at high
temperatures or strongly correlated NIB materials are still cost intensive. This severely slows down the
exploration of chemical space, which hampers the prediction of new game-changing NIB materials. The
development of new strategies to circumvent this bottleneck will thus be critical.
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4. Electrolytes and SEI engineering
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Status
NIBs offer a cheaper and more sustainable large-scale energy storage solution, compared to well-established
LIBs. However, contrary to the latter, which primarily use 1 M LiPF6 in ethylene carbonate/dimethyl
carbonate (EC/DMC) as a standard electrolyte solution, a leading electrolyte is yet to be established for NIBs
[165–168]. This can be explained in part by the infancy of the field as well as the fact that electrolyte
development is overlooked in favour of electrode research. Nevertheless, there is an urgent need to find
high-performance electrolytes for NIBs, since they play a leading role in the overall lifetime, rate capability,
and safety of the battery. Principally, this is due to the formation of a solid–electrolyte interphase (SEI) at the
anode, which results from the degradation of the electrolyte and/or solvent during the charging/discharging
process. Although well characterised for LIBs [168], the SEI composition for NIBs is poorly understood and
remains one of the most critical areas for future research efforts.

To be an effective organic electrolyte, the sodium salt must adhere to a number of criteria: (a) chemical,
electrochemical, and thermal stability; (b) high ionic conductivity; (c) low cost; (d) low
toxicity/environmental benignity, and (e) simple, scalable synthesis. High ionic conductivity promotes facile,
rapid exchange of sodium ions between the two electrodes, whereas a large highest occupied molecular
orbital (HOMO) energy level ensures the stability of the salt. Such strict requirements naturally limit the
possible choices of salts available; the most widely used anions are shown below, in figure 19. Traditionally,
these anions have strong electron-withdrawing groups surrounding the central atom, which create a
delocalised negative charge, and they are weakly coordinated to the Na+ cation. Generally, sodium salts have
higher melting points than their lithium counterparts, which is advantageous not only for easier drying but
also safety, since the former have greater thermal stability.

Current and future challenges
Among the electrolytes shown in figure 19, the most-studied electrolyte in NIBs is NaClO4 [167] although its
strong oxidising nature prohibits its commercial use due to safety concerns. In addition, NaClO4 is known to
be difficult to dry. Similarly to LIBs, the most promising salt to date for NIBs is NaPF6; however, its high
moisture sensitivity can promote the formation of HF via hydrolysis, leading to further electrolyte
degradation and major safety concerns. As a result of this moisture sensitivity, the quality of commercially
purchased NaPF6 is problematic, and NaF formation occurs. NaBF4 and NaOTf
(OTf= trifluoromethanesulfonate) are poor choices, as they have strong cation–anion interactions, and it
has been shown that NaOTf has reduced conductivity and electrochemical stability compared to NaClO4 and
NaPF6 [164].

An interesting emerging class of electrolytes which has previously been used in ionic liquids contains
NaTFSI (TFSI= bis(trifluoromethane)sulfonimide) and NaFSI (FSI= bis(fluorosulfonyl)imide), which are
attractive due to their reduced toxicity and high thermal stabilities. However, these cannot be used as single
salts, as they induce corrosion on the Al current collector, as well as incurring high cost. It is rare for new
electrolytes to enter the field, but the DFOB (DFOB= difluoro(oxalato)borate) and BOB
(bis(oxalato)borate) anions have recently both shown promising results in terms of reduced toxicity and low
cost of synthesis [169]. Additionally, NaBOB has proved to be a non-flammable electrolyte when used in
trimethyl phosphate (TMP) solvent; but in both cases, more work is required to optimise their performance
[170]. Clearly, developing a salt that meets all the requirements outlined above is challenging, and future
research efforts should focus on anions that have easily tuneable groups, which would allow for the
fundamental properties of the salt to be simply modified.

Another challenge is to characterise the SEI. Few studies exist to address this, but x-ray photoelectron
spectroscopy (XPS) and time-of-flight secondary-ion mass spectrometry (ToF-SIMS) analysis have
confirmed the presence of Na2CO3 and ROCO2Na species [171]. These degradation salts are often more
soluble than their lithium counterparts, and the Na+ inductive effect on the solvents/anions should be
weaker than for Li+. This could, in turn, affect the reduction products formed at the anode.

Advances in science and technology to meet challenges
In recent times, the use of computational modelling and simulation has become a much more powerful
method for the development of high-performance electrolytes. The early modelling of organic liquid
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Figure 19. Structure of the anions currently used in sodium-ion batteries. Sodium is the cation in all cases.

electrolytes often focussed on the conduction mechanism, with little investigation into how the bulk ions
themselves interacted. However, with advances in modern computer power, more recent studies have now
started to quantitatively address the role of ion pairs, although currently, the high-level theory is too
demanding for this to be a feasible method for the fast screening of electrolytes. In addition, computational
methods can assist in better understanding the mechanism of SEI formation, where calculations have
indicated that sodium electrolytes have faster desolvation of the cation at the electrolyte/electrode interface
than that of Li+ in analogous systems. DFT may also be used to simulate spectra (such as IR and Raman) of
the degradation products in the SEI to aid the identification of the species present [172].

In addition to computational developments, there have been spectroscopic advances which may be
utilised to address the challenges described above. Modern advances in dynamic nuclear
polarisation-enhanced NMR spectroscopy (DNP-NMR) have recently been used as a method to aid
characterisation of the SEI in LIBs. By using lithium metal as the polarisation source, selective observation of
the low-concentration SEI components was possible. An intimate knowledge of the SEI composition and
distribution is crucial in understanding how dendrites form, and is critical for preventing short circuits and
improving the overall safety of the battery. A major advantage of this technique is that it allows for the direct
probing of interfaces to reveal structural information, and it can be envisioned that this DNP-NMR
spectroscopy technique can readily be applied to NIBs to provide further insights into SEI formation and
composition [173]. While there have been several investigations into the structure of the SEI for NIBs, more
work is necessary to understand the interplay between electrolyte chemistry, SEI composition, and stability.

Concluding remarks
In contrast to LIBs, which are a mature technology, much work is still required to unleash the full potential of
NIBs. Electrolytes play a key role, as unwanted side reactions and degradation products significantly affect
the overall performance and lifetime of the battery. The current range of sodium electrolytes has significant
drawbacks, such as oxidising potential, moisture sensitivity, cost, and toxicity, meaning there is an urgent
need to develop novel electrolytes to overcome these shortcomings. With increased research into, and
development of, novel electrolytes, these challenges can be addressed, and this roadmap highlights key areas
where focus should be applied. Principally, this is in characterising the degraded salts in the SEI as well as
producing electrolytes which can easily be chemically modified to tune their fundamental properties. With
this increased focus, NIBs undoubtedly have a prosperous future, rivaling that of their lithium counterparts.
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Status
In many ways, both R&D and the practical deployment of NIB organic electrolytes follow the development of
LIB electrolytes [175–177]. This is logical, as the operating conditions and application areas are more or less
the same, and thus, similar properties are needed; i.e., readily dissolved salts to create a large concentration of
charge carriers offering fast ion transport with high fluidity and low viscosity. The latter also assists in the
proper wetting of the separator and the porous electrodes. Additionally, high thermal and chemical stabilities
are a must, to allow for usage in various climates and vs. different electrodes, as are wide ESWs matching the
electrodes. Finally, all must be available at a low cost. As of today, this means linear and cyclic carbonates,
such as DMC, EC and PC [174], or ethers, such as glymes, in particular, diglyme [174, 175].

While much of NIB R&D follows from earlier LIB developments, there are some distinct practical
differences to be found. One is that linear carbonates, such as DMC, used to lower the melting point and
viscosity of LIB electrolytes, create soluble products upon reduction in a NIB, and hence, unstable SEIs at the
anode, a problem that can be overcome by smart additive usage [176]. Another is that graphite is not capable
of intercalating naked Na+ ions and thus, it is not commonly used for NIBs. Therefore, PC, one of the
original LIB electrolyte solvents, is frequently used for NIBs (as opposed to LIBs, as it exfoliates graphite)
[174, 176, 177]. There is also a fundamental difference between the use of Na salts and Li salt: for the former,
both the ion–ion and ion–solvent interactions are reduced to ca. 80% of the latter [178]—which paves the
way for faster desolvation dynamics [179] which, at the cell level, manifests as improved power rates [174,
176, 177]. As with any other battery technology based on organic electrolytes, improved safety without
making any departure from performance is key—and here, new NIB electrolytes, in particularm solvents,
should evolve out of the LIB shadow. Another driving force should be to simplify recycling—and this, for
example, means the use of F-free solvents/electrolytes [170].

Current and future challenges
Even if challenged by both solid-state electrolytes (SSEs) offering performance and safety advantages and
aqueous electrolytes offering lower cost and better overall sustainability, organic solvent-based electrolytes
are still likely to be the main route for years to come. They can be used in their own right and/or in hybrid
electrolytes, with polymers or ionic liquids, to improve performance and safety [180] or to facilitate better
SSE/electrode contact. A major challenge is to create a holistic and Na+-centred (and not Li+-derived)
approach to the salt(s)–solvent(s)–additive(s) recipe for a standard functional NIB electrolyte [181]. This
could also reduce the complexity and offer better control and understanding of e.g., solubility issues and
ion-transport advantages. Today, the latter is, at the phenomenon level, a power performance advantage
compared to LIBs, which is coupled to lower solvent desolvation energies [179] and the presence of fewer
contact ion-pairs [178]. However, the reduction in strong interactions renders the organic products from
solvent reduction more soluble and thus less stable, and creates/results in additional inorganic SEIs. Another
large challenge comes directly from the+0.3 V shift in Ered of Na+/Na vs. Li+/Li. For the same final cell
voltage, there is a corresponding more stringent demand on the electrolyte/solvent Eox limit—which is not a
minor issue, given the interest in high-voltage cathodes. The fact that the electrolyte must be developed not
only in terms of ESW, but also to match both positive and negative electrodes, is a large challenge, as there is
not yet a dominant electrochemical couple for NIBs. Improved fluidity, important for low-temperature
performance as well as for the proper wetting of electrodes, must be achieved without compromising safety
by using volatile solvents. Another path of research is highly concentrated electrolytes (HCEs), which
improve safety, widen the ESWs, and utilise non-vehicular ion transport, which leads to improved cation
transference numbers. For HCEs, Na-based systems have an earlier onset of some of these properties,
compared to Li-based systems [179], which is cost-saving, as less salt is needed. However, the high viscosities
of the highest concentrations of salt-based HCEs, i.e., those of very low solvent content, are a challenge for
manufacturing and the cell formation stages.

Advances in science and technology to meet challenges
When the key performance indicators (KPIs) and the targets to be reached for NIBs by e.g., 2030 are listed,
few are directly dependent on the solvent used, but very many are indirectly limited by the electrolyte. The
first, most obvious KPI is the ionic conductivity, but the target, 1 mS cm−1, has already been reached. The
next is the cell voltage—intimately coupled to the electrolyte/solvent Eox limit, as outlined above, while the
less obviously connected KPIs are cycle-life and cost. However, for the NIB cycle life, the stability of the
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Figure 20. Some of the more popular NIB electrolyte solvents/co-solvents/additives (colour code: red= oxygen, grey= carbon,
green= fluorine, blue= nitrogen, white= hydrogen).

electrolyte/solvent, both in bulk and at the interfaces/interphases, is key. This is why different operando
techniques enabling the study of NIB cells represent the most important technological advances needed. One
such technology is based on embedding optical fibre sensors into the jelly-roll and, while it does not affect
cell performance, it enables the monitoring of not only pressure and temperature changes as a function of the
state-of-charge but also the origin of heat contributions and how different additives affect these properties, as
elegantly demonstrated for a HC//NVPF NIB i.e. based on hard carbon as anode and Na3V2(PO4)2F3 as
cathode [182]. As a baseline electrolyte, this study used commercially available NP30 (1 M NaPF6 in
EC:DMC 50:50), a direct analogue to the LP30 electrolyte, and standard 18 650 cells and protocols. This
points to several things that are needed to advance the science and technology of NIBs; commercially
available electrolytes of high purity at a cost meeting KPI targets; standardised cells and protocols, both for
electrolyte and electrode studies (at present, a chicken-and-egg problem, as no fixed-star materials exist, and
different aspects are in focus using different setups), and understanding the roles/actions of additives in
NIBs, as these may not be the same as those in LIBs—the differences in SEI formation being the most
obvious. If a proper understanding of the limitations imposed by electrolytes, test protocols, and the actions
of the additives is pursued, the growing community of NIB researchers should soon have a wealth of
unambiguous data. While there is room for rethinking and emphasising the differences rather than the
similarities between Na+/NIBs and Li+/ LIBs, NIBs should be using the field of LIB development to the
maximum extent possible for real NIB leapfrogging.
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Concluding remarks
While the R&D directions of NIBs have largely followed those of LIBs, they are slowly finding their own path,
including applications where the emphasis is on complementarity rather than replacement. The somewhat
overemphasised similarity of Na+ and Li+ dissolved in solvent(s) has, until today, promoted evolution,
leaving NIBs always trailing behind LIBs. However, as an example, it should be possible to use the weaker
solvent interactions and generally larger first solvation shells of Na+ as design criteria for novel NIB
electrolytes. Likewise, the problematic large solubility in the electrolyte of solvent reduction compounds
should be a proper R&D target, similarly to e.g., the polysulphide issue in Li-S batteries. As we are seeing
various operando, high-throughput, and robotic screening technologies starting to be applied for battery
research, these could all be used to evaluate NIB electrolyte solvents and perhaps also enable the tailoring of
the electrolyte to different operating conditions and applications.
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Status
NIBs have attracted attention in parallel to Li-ion technology due to their cost-effectiveness and the high
earth abundance of sodium [71, 183, 184]. Despite the commercialisation of NIBs by several companies
(Faradion [185], Tiamat [185, 186], SHARP labs [185, 186]), thermal runaway with volatile electrolytes and
insufficient cyclability at room temperature demand more serious electrolyte research.

Ionic liquids (ILs) are promising alternative electrolytes due to their non-flammability and wide
operating electrochemical window. They are glass-forming molten salts, consisting of versatile combinations
of aromatic cations and weakly coordinating anions. The structures of the ions and their interactions
(hydrogen bond, electrostatic, and Van der Waals) [187] govern their physicochemical properties, (phase
transitions, viscosities, thermal stability, and HOMO-LUMO (lowest unoccupied molecular orbital) gap)
[187] and electrochemistry (electrochemical window, ionicity, ionic conductivity, ionic
association/dissociation, and the double-layer structure at the electrode–electrolyte interface) [187, 188]. In
the realm of NIBs, ILs offer specific additional advantages, such as reduced corrosion of the Al current
collector, a wide range of operating temperatures, and suitable electrode–electrolyte interface processes
(homogeneous SEI formation, a conductive interface, and a dendrite-free anode–electrolyte interface) [185]
(figure 21). The wider electrochemical window of ILs permits a wide variety of cathode materials for NIBs.
Only anion decomposition defines oxidative stability and SEI composition. ILs offer a less resistive, more
uniform, and consistent SEI throughout the battery cycle with hard carbon and alloy-based anodes [186].
The composition of an IL-derived SEI (with an HC anode) (SEIs formed with polyolefin, SCO) is distinctly
different from those formed in organic electrolytes (SEIs formed with organic and inorganic sodium
carbonates) [186]. Reduced aluminium corrosion in ILs is notable, even with salts that corrode the Al
current collector in organic solvents [186]. Several imidazolium-, pyrrolidinium-, phosphonium-, and
ammonium-cation-based ionic liquids have been explored in NIBs (e.g., [C2C1Im][FSA], [C2C1Im][BF4],
[C3C1Pyrr][FSA], [C3C1Pyrr][TFSI], N2(20201)3][FSA], [P111i4][FSA], [C4C1pyrr][DCN],
[C4C1Im][SO3CF3]. CnC1im+: 1-alkyl-3-methylimidazolium, CnC1pyrr+: N-alkyl-N-methylpyrrolidinium,
CnC1pip+: N-alkyl-N-methylpiperidinium, and Nnnnn+: tetraalkylammonium) [186].

Current and future challenges
Despite several advantages, NIB research is falling behind the current state of the art of LIB technology.
Safety and the battery cycle life are significantly influenced by the electrolyte formulation and various
interfacial issues, including uncontrolled dendrite formation due to the use of sodium metal, unstable and
increasingly resistive electrolyte interface SEI formation due to electrolyte decomposition, cracked and
thicker SEIs, pronounced dissolution of SEIs, and the significant reactivity of sodiummetal in the majority of
volatile organic electrolytes.

Ionic liquids serve as green solvents. They mitigate safety issues and offer wider oxidative stability and
relatively lower solvent degradation at the electrodes. However, the major challenges of ionic liquids are their
relatively high cost, tedious purification methods, and the hygroscopic nature of widely used imidazolium-
and pyrrolidinium-based ionic liquids. This is despite their excellent stability and wider temperature
operability. Their relatively high viscosity and inferior ionic conductivity limit their battery cycling
performance at room temperature, as compared to conventional organic electrolytes. The ionic liquids offer
larger interfacial resistance and slower Na+ transfer at the sodium metal anode, compared to organic
electrolytes. In NIBs, the advantages of ionic liquids are only fully utilised at elevated temperatures (∼90 ◦C)
in half cells. Another important challenge with ionic liquids is to achieve a unity sodium transference number
and reduce concentration polarisation. The majority of ionic liquid electrolytes are made at a maximum of
1 M concentration, a concentration at which unity transference numbers are difficult to achieve. Recently,
super-concentrated ionic liquid-salt systems have been shown to offer relatively stable SEI properties and
near-unity transference numbers. However, the availability of a wider range of IL structures with high salt
dissolution capability is still limited. Designing electrolytes to achieve high transference numbers and
reasonably good ionic conductivity is an unavoidable challenge for ILs in NIBs. Although minimal, the
current-collector corrosion is not fully mitigated by the widely used fluorinated anion-based ionic liquids.
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Figure 21. Benefits of ionic liquids in NIB applications.

Figure 22. (a) Structures of ionic liquids [C3C1pyrr][FSA] as widely applied for various cathode and anode materials. (b)
Half-cell Na-ion battery performances of anodes and cathodes with a [C3C1pyrr][FSA] ionic liquid electrolyte. (c) Full-cell
Na-ion battery performance with ionic liquid in comparison to conventional organic liquid electrolytes. NMO:
Na0.6Co0.1Mn0.9O2, NVO: Na2.55V6O16. NVP: Na3V2(PO4)3, HC: hard carbon, EIL: ionic liquid electrolyte, Estand: standard
organic electrolyte. The data presented in (b) and (c) are directly taken from [186].

Advances in science and technology to meet challenges
ILs consisting of various combinations of ammonium and phosphonium-based cations and fluorinated
and non-fluorinated anions have been explored in NIB applications (see figure 22(a) for structures).

45



J. Phys. Energy 3 (2021) 031503 N Tapia-Ruiz et al

Figures 22(b) and (c) present a survey of the battery performance of half cell (with sodium metal as the
anode) and full cell (with a sodium intercalation compound as the anode) NIBs, respectively, employing
pyrrolidinium-based IL electrolytes with a wide range of cathodes and anodes. Impressively, ionic liquids
offer superior cyclability, rate capability, and powder density, compared to organic electrolytes. Despite the
higher viscosity and inferior transference number, these results strongly encourage the investigation of IL
chemistry in NIBs. The reasons for such exciting performance improvements are: the enhanced Na+

diffusion at the interface, a compact SEI, dendrite-free sodium deposition/dissolution, the lower reactivity of
ionic liquids with sodium metal, and reduced Al corrosion at elevated temperatures (figure 21). For example,
highly conducting and stable SEI layers have been reported for an HC anode with an IL electrolyte,
Na[FSA]-[C3C1Pyrr][FSA] [186], compared to NaClO4-EC/DEC. The homogeneity and stability of the SEI
of Na[FSA]-[C3C1pyrr][FSA] improves the cyclability of several anodes, such as Sn4P3 [a cyclability of 112%
at 200 cycles] [190]. Full cells employing an IL electrolyte display similar benefits (figure 22(c)). A very
energy-dense (368 Wh kg−1) prismatic full cell has been developed using a Na[FSA]-[C3C1pyrr][FSA]
electrolyte, a Na3V2(PO4)3 cathode, and an HC anode to deliver better capacity retention (75%) than that of
a Na[ClO4]-EC/PC electrolyte (figure 22(c)) [191]. A highly stable passivation layer with negligible dendrite
formation was observed when a vinyl substituted imidazolium IL was used as electrolyte additive [192].
Super-concentrated 50 mol% NA[FSA]-[C3C1pyrr][FSA] exhibited dendrite-free sodium
deposition/dissolution onto the SEI with a nanoengineered Na+ conducting interface made from
(Na)x(FSA)y components [187].

Concluding remarks
In conclusion, ionic liquid electrolytes significantly improveme the safety of sodium ion batteries, widen the
operating temperature and electrochemical window, and offer impressive cyclability and interface chemistry.
However, insufficient literature is available to report the applicability of a wider range of electrodes in a wider
range of ILs. Fine correlations between structure and critical interface electrochemistry are still
under-represented in NIB research. Some additional concerns include cost, recyclability, tedious purification
methods, and the high viscosities of ILs. Binary IL-organic/aqueous solvents (IL–water) and non-fluorinated
cheap anion-based ILs could improve cost-effectiveness and decrease viscosity if they could be developed
without sacrificing safety aspects. Interestingly, NIBs with ILs still exhibit good specific energy (near to that
of LIBs) and better power than supercapacitors at elevated temperatures, which are difficult to achieve with
organic solvents. The possibility of tuning the molecular structure of ionic liquids and a detailed
understanding of the mechanical properties and solubility of SEIs with ILs are to be explored to enhance the
performance of NIBs with ILs.
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Status
An SEI may be formed through the decomposition reactions of an electrolyte at the interface with the anode
of a battery [193]. The low electrode potential experienced by the anode causes the polar aprotic
non-aqueous electrolytes employed to be thermodynamically unstable. The formation of a durable SEI is,
however, essential for a kinetically stable battery and to obtain a long cycle life. This nm-scale interphase
layer often has the characteristics of a solid electrolyte and can comprise both organic and inorganic,
amorphous, and crystalline products derived from the electrolyte components. Ideally, it passivates the
surface of the anode, being highly electronically insulating, impermeable to solvent molecules, insoluble, and
inert, but offers ionic conductivity to allow the diffusion of cations (Na+ ions in an NIB) between the
electrode material and the electrolyte. The SEI should preferably be formed only within the initial cycles to
prevent capacity losses and electrolyte depletion.

It has been shown through photoelectron spectroscopy (PES) measurements that the SEI in NIBs can
vary in thickness and composition, depending on the state of charge [113]. The composition of the
electrolyte is the main factor that influences the SEI composition and properties (figure 23), though other
parameters including electrode-surface composition, current density, temperature, and potential limits can
have an impact. The typical decomposition species formed from carbonate-based electrolytes in NIBs can be
divided into inorganic species (mainly NaF and Na2CO3 but also Na2O and NaOH in the presence of oxygen
and water contamination) and organic species (sodium alkyl carbonates (ROCO2Na) and polyethylene oxide
oligomers) [194, 195].

Despite the fact that the SEI has been extensively studied in LIBs, resulting in the tuning of electrolyte
formulations to provide maximum performance, it is still thought to be one of the major contributors to
battery ageing [168]. However, while the concept of the SEI and its characteristics are largely similar for
Na-ion batteries, many notable differences exist between the two technologies, even though they often use
highly analogous materials [166]. A fundamental understanding of SEI formation mechanisms and
properties is required to design an electrolyte that will lead to the commercialisation of NIBs. Here, we
address the challenges of the SEI in NIBs, which can have such an important impact on their performance
and ageing.

Current and future challenges
In NIBs, the main challenge that needs to be to overcome to stabilise the SEI is its solubility [197, 198]. While
SEI dissolution has not been studied in great detail for LIBs, it is now a major focus of NIB research. The
continuous dissolution of the SEI leads to its reformation in subsequent cycles with excessive irreversible
capacity losses, poor coulombic efficiencies, and eventual failure. Because the charge density and hence the
dissociation energy of sodium salts is lower than that of lithium salts, the solubility of SEI components (e.g.,
NaF vs. LiF) formed in NIBs is generally greater compared to that in LIBs, and this holds especially true for
aqueous solutions [196]. Extensive SEI dissolution has been demonstrated for carbonate-based electrolytes
and carbonaceous electrodes [197]. It has been determined that capacity loss through such dissolution is
dependent on electrolyte composition and electrode surface area. It has even been debated whether the most
soluble organic species can be considered to be SEI components at all [194, 195].

Additional challenges in characterising the SEI arise due to its high solubility. Most commonly,
spectroscopic and imaging analyses are performed ex situ on electrodes after the drying/washing of samples.
Such practices may inadvertently alter the composition of the SEI. The reports of an overall more inorganic
SEI for NIBs compared to LIBs [199] could also be caused either by the leaching of organic species in the cells
or their dissolution during the washing step.

The formation of high-resistance carbonates on the surface of sodium metal in half cells with continuous
stripping/deposition can lead to a complex evolution of resistance. The lack of a reliable reference electrode
and the consequential use of sodium metal in half cells results in poor SEI formation at the working
electrode, and hence, inferior performance. The diffusion of decomposition products from the sodium
electrode via the electrolyte to the working electrode (‘crosstalk’) is probably responsible. These issues
prevent the extrapolation of performance from half cell to full cell; however, no such problems have been
reported for full-cell configurations [196]. Nevertheless, information from studies published using half cells
can still provide valuable insights and lead to a greater understanding of the challenges at hand.

Advances in science and technology to meet challenges
The low thickness and chemical complexity of the SEI in any battery system make it particularly difficult to
characterise. Numerous techniques have been used, including PES, electron microscopy, electrochemical
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Figure 23. FTIR spectra obtained from Li or Na metal electrodes freshly prepared and stored for 24 h (OCV) or after cyclic
voltammetry at 25 ◦C in (a) LP30 (1 M LiPF6 in EC:DMC 1:1 wt. ratio), (b) 1 M NaPF6 in EC:DMC 1:1 wt. ratio, and (c) 1 M
NaPF6 in EC:PC:DMC 45:45:10 wt.% [196]. Reproduced from [196]. CC BY-NC-SA 3.0.

Figure 24. (a), (b) Galvanostatic cycling combined with pause testing of carbon electrodes in lithium and sodium half cells with
1 M (Li/Na)PF6 in EC:DEC (1:1) electrolyte. (c) C 1s HAXPES spectra (two photon energies) of sodiated electrodes from sodium
half cells after 72 and 168 h pauses. (d) Percentage charge capacity loss for different systems and pause lengths. Reprinted with
permission from [198]. Copyright (2016) American Chemical Society.
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8. Industrial targets and techno-economic analysis

8.1. Industrial targets
Ashish Rudola, Ruth Sayers and Jerry Barker
Faradion Limited, The Innovation Centre, 217 Portobello, Sheffield S1 4DP, United Kingdom

Status
Faradion Limited, established in 2011, was the first non-aqueous Na-ion battery company in the world. Since
then, several Na-ion companies have been founded, covering a wide range of sodium-based chemistries.
Faradion’s technology utilises mixed-phase O3/P2-type Na–Mn–Ni–Ti–Mg layered oxide cathodes, hard
carbon anodes, and non-aqueous electrolytes [284]. Other companies reliant on carbon-based anodes and
non-aqueous electrolytes include the French company, Tiamat, whose cathodes are based on the polyanionic
Na3V2(PO4)2F3 [285], the Chinese company HiNa Battery, which utilises O3-type Na–Cu–Fe–Mn layered
oxide cathodes [286], and the Swedish company Altris AB, based on Prussian blue analogue (PBA) cathodes.
In contrast, US-based Natron Energy has built its Na-ion technology around aqueous solvents and
PBA-based cathodes and anodes [287].

From the above, it can be seen that there is already a diverse array of Na-ion chemistries available in the
industry. This is important, as different markets/applications have different requirements and might require
unique solutions – the battery of choice needs just the right combination of cost ($ kWh−1), energy density,
stability/reliability, power rating, charge acceptance, and temperature performance. As such, figure 40
presents a Ragone plot covering several main market applications with their specific energy/power envelopes
(gauged by the datasheets of existing battery technologies that are currently deployed in the market for these
specific applications) [288, 289]. It should be stressed that these are just a few examples of
applications—there are others with different performance requirements. We have also indicated the
maximum performance of Na-ion cells from some industry players, as given by their datasheets or published
reports [284, 285, 287]: for Tiamat and Natron, the values mentioned are correct as of mid-2018 and
mid-2019, respectively, while for Faradion, values are accurate as of mid-2020. A Na-ion cell might be
appropriate for utilisation for a particular application, as long as the application’s envelope lies within its
energy/power capabilities (gauged by the area below its respective dotted lines in figure 40) and it can meet
other requirements such as cycle life. It is evident that current Na-ion technology could be attractive for most
applications, apart from some types of consumer electronics and long-range electric vehicles.

Current and future challenges
Referring to figure 40, it can be seen that different Na-ion chemistries are better suited for different
applications. For example, Natron’s aqueous Na-ion chemistry has the lowest specific energy/power—this is
expected, as aqueous electrolyte-based batteries cannot match the energy densities of their non-aqueous
counterparts owing to the limited voltage window of water as an electrolyte solvent. Thus, Natron’s Na-ion
systems would be ill-suited for higher-energy applications, such as electric vehicles. However, Natron
batteries’ expected low cost, exceptional cycling stability, safety and efficiency would make them attractive for
different ESS applications [287]. Tiamat’s use of fluorinated vanadium-based polyanionic cathodes delivers
Na-ion chemistry with excellent power capabilities albeit at the expense of energy density and raw material
handling and availability [285]. Polyanionic cathodes represent an attractive avenue for high power and
durable Na-ion systems. The challenge is to base them on more Earth-abundant elements, such as Fe and
Mn. Unfortunately, pure Fe/Mn-based polyanionic cathodes generally either demonstrate relatively low
operating potentials which limit their specific energies, or rely on bulky anionic groups [290], which limit
their tap densities and, in turn, volumetric energy densities [284]. On the anode side, hard carbon can be
prepared from a variety of precursors, including low-cost options, and has an attractive combination of
desirably low operating potentials and high capacity (current hard carbon capacities almost match those of
graphite Li-ion anodes). Hence, it is unlikely to be displaced as the anode of choice for high-energy
applications in the foreseeable future. Furthermore, an intense research focus on hard carbon has resulted in
significant improvements, not only in its cycling stability and rate performance but also in its charge
acceptance capabilities—these, along with excellent compatibility with high-flash-point electrolytes, confer a
high degree of safety to Na-ion systems [284].

Faradion’s Na-ion cells currently deliver a good mix of energy and power densities with attractive costs,
due, in large part, to cathodes devoid of costly and scarce elements, such as Co and V [284]. Table 2 illustrates
how Faradion Na-ion cells compare with two types of state-of-the-art Li-ion cells: Li–Ni–Mn–Co oxide
(NMC)//graphite and LiFePO4 (LFP) cathode//graphite chemistries.
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Figure 40. Ragone plot illustrating the current performance of Na-ion cells of some industry players [284, 285, 287], along with
the two-year target for Faradion’s Na-ion cells. The requirements of some applications have been illustrated as well. For this
purpose, the applications’ envelopes were constructed using datasheets of commercially available batteries that are currently being
used for these applications, as indicated in the legend [288]. Acronyms used: ESS= energy storage system (for different
grid-storage applications); 2W= two-wheeler; 3W= three-wheeler; eVs= electric vehicles; SCiB= super charge ion battery;
PbA= lead-acid; LiPo= lithium-ion polymer; NCA= Li–Ni–Co–Al oxide//graphite; DOD= depth-of-discharge.

Advances in science and technology to meet challenges
Faradion’s Na-ion cells currently deliver energy and power metrics in between those of NMC//graphite and
LFP//graphite cells (table 2). They can respond at 10 C (continuous discharge), which compares favourably
with LFP//graphite pouch cells (1–3 C) [293]. Faradion’s Na-ion chemistry could be considered as a
replacement for most applications where LFP//graphite is currently deployed. Table 2 also outlines targets for
an ‘energy cell’ and a ‘power cell,’ that would solidify Na-ion technology as the go-to battery choice for
different applications. The ‘energy cell’ is based on Faradion’s Na-ion chemistry and seeks to satisfy some of
the more energy-demanding applications, such as mobile phones, laptops, and some EVs. For this purpose,
Faradion has devised a clear roadmap to achieve these targets by enhancing reversible capacities, increasing
electrode densities, and boosting coulombic efficiencies with novel electrolytes and additives. In fact, we
recently showed that the rates of increase of Faradion’s Na-ion specific energies (and cycle lives) are
significantly faster than those of Li-ion [284].

Even though current Na-ion technology can deliver high power, for applications such as power tools or
drones, both power and energy densities need to be simultaneously acceptable. For such a ‘power cell,’ it
might be challenging to meet the power and energy requirements using polyanionic cathodes at acceptable
costs. We thus anticipate layered oxide cathodes will be used for such cells, relying on a majority, or a pure,
P2 phase; it is well known that many P2-based Na-ion oxide cathodes can deliver excellent rate performance.
Faradion’s low cell BOM (bill-of-materials) is based on the absence of expensive cobalt, the use of aluminium
(as opposed to expensive copper) current collectors, and the natural abundance of sodium, resulting in active
materials and electrolyte salts that are cost-effective to produce. Future cell BOMs ($ kWh−1) can primarily
be reduced in three ways: (a) increasing energy density; (b) large-scale industrialisation of the material
supply chain with (c) increasing production volumes, all reducing cost ($) with scale. The technical approach
to achieving these target energy densities (stated in table 2) is listed above. The development of material
supply chains and an increase in production volumes are already happening with the ever-increasing
realisation of the performance benefits of Na-ion batteries (figure 40) and the ever-rising demand.
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Concluding remarks
Na-ion technology is rapidly catching up with the established Li-ion battery. It is revealed here that the
energy/power densities of Faradion’s Na-ion chemistry, which is devoid of scarce elements, such as Co and V,
already surpass those of LFP//graphite systems. For most applications, the different types of Na-ion battery
already possess the required performance attributes at the cell level, from negligible self-discharge to
excellent temperature performance and the ability to be shipped/stored at 0 V [284], to name a few. Such
performance must now be shown in actual demonstrations of large-scale systems, cycled according to the
duty cycles required for an application in real-world settings. These demonstrations by various Na-ion
companies are already underway, and with each successful demonstration, the market’s confidence in this
technology will progressively grow. If the near-term industrial targets for Na-ion energy and power cells can
be met, mass penetration of Na-ion batteries in the market will be almost inevitable.
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8.2. Techno-economic assessment
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Status
Batteries using conventional Lithium-ion chemistries (LIBs) have long since been the power source solution
of choice in a range of applications due to their high volumetric and gravimetric energy densities.
Energy-dense, state-of-the-art LIBs in the pouch and cylindrical formats are currently achieving energy
densities of up to 250 Wh kg−1 [294]. Beyond the current LIB designs, bulk all-solid-state batteries (ASSBs)
are also being developed [295] to provide a significant increase in energy density (>400 Wh kg−1) and safety
and to address the range anxiety with electric vehicles. However, it is not believed that the first generation
will be a cost-effective solution for stationary (grid, renewables, telecoms, and domestic) applications, and
timescales to market for a competitively performing product are expected to be way beyond 2025. Other
‘beyond-lithium’ chemistries, such as Li-air and rechargeable magnesium batteries, are still at very early
stages of R&D [294]. Current analyses are focused on non-aqueous battery systems. For stationary and
telecoms applications, size and weight are less limiting than, say, cost, safety, ease of maintenance, reliability,
and cycle life. Therefore, this techno-economic assessment focuses on applications where it is believed that
NIBs will be competitive, at least in the near term (5–10 years) based on their current state of development.
Some of these application areas include stationary and telecoms.

Their inherently low material cost and high technology safety make NIBs a very attractive proposition for
stationary applications [252]. In addition to being made in similar formats to LIBs, NIBs can be made on
existing LIB manufacturing lines—significantly reducing development costs and timescales. Current
high-performance LIBs are considered less accessible (and safe) for these applications, although they have
been proposed for second-life use [296]. Based on economics, Pb-acid and LiFePO4 (LFP) are the current
cathode chemistries of choice for stationary applications, compared to either LiNi1–x–yMnxCoyO2 (NMC) or
LiNi1–x–yCoxAlyO2 (NCA).

NIBs using a layered oxide, NaMO2 (whereM stands for Ni, Mn, Mg, or Ti) P2/O3-type structure and
hard carbons (HCs) have been significantly advanced by Faradion and look very promising for stationary
applications [297]. Low-cost NIBs based on Prussian blue analogue (PBA) anodes and cathodes and sodium
vanadium fluorophosphates (NVPF) are also being developed by Natron energy and Tiamat respectively
[298], but are considered less competitive for these applications, predominantly on a gravimetric and
volumetric energy basis.

Using various cost models including BatPac, € kWh−1 has been estimated for NIB (NaMO2/HC), LFP
and NMC (40%Ni:40%Mn:20%Cobalt), 18 650 cells, respectively [267, 296]. The BatPac model included
cell-design elements, depreciation, and warranty in addition to material and processing costs. The outputs
from these models indicate comparable costs for LFP cells and NIBs (and lower costs for NMC cells). The
models also indicate that the € kWh−1 for NIBs can be significantly decreased with volume-scale
manufacturing and if the Wh kg−1 and Wh l−1 can be increased.

Current and Future challenges
Global energy demand is predicted to grow by up to 40% in the next ten years, including an increase of 2500
TWh in the transport sector, and the global power capacity of solar and wind are planned to be 2 TW and 1.5
TW, respectively, in the same timescale [299]. Combined with a global push to reduce fossil-fuel reliance, this
will create a massive market for energy storage. Competitive battery technologies covering a wide
performance, safety, and cost matrix will be required to support this growth [300].

In the short term, the first generation of NIBs has to prove that it is a contender in the energy-storage
market, in terms of competitive performance, safety, cost, and maintenance, compared to incumbent
technologies, such as Pb-acid, LIBs (LFP and NMC), and redox-flow batteries. The cost of development,
production, and time to market will also have to be factored in. One of the major challenges in this space will
be to match or, if possible, outperform state-of-the-art LIB cathodes such as NMC on a cost/performance,
(€ kWh−1) basis and fit in with existing infrastructure. The majority of new stationary energy-storage
installations use LIBs (currently, mostly LFP), which have benefitted from cost reductions and innovations in
the EV market [300], and a bulk cost reduction could allow for a quick entrance into this application.
Another major short-term challenge facing all new energy-storage markets is regulation and policy.
Concerns around safety and the decisions to invest in different types of infrastructure will have a huge
impact on the demand for energy storage and the associated costs of installation and use [300]. Future
challenges will lie in securing and maintaining a competitive edge over other developing technologies. LIB
roadmaps are looking at novel materials and architectures to increase energy density and reduce cost per
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kWh. Ease of recycling is another challenge that will need to be addressed, since the financial and
environmental costs of disposal increase with the scale of adoption.

Advances in science and technology to meet challenges
In recent years, there has been a significant increase in worldwide NIB R&D activities [252, 267], driven by
potential cost and safety benefits compared to LIBs, as well as compatibility with LIB manufacturing
processes and applications. Next-generation cells will seek to improve energy density beyond 170 Wh kg−1

[301] and improve other cell characteristics without compromising safety. This will further reduce the
€ kWh−1 cost and make them more competitive for automotive and other applications [252, 267].

Advanced NIBs based on current-generation chemistries will improve in gravimetric and volumetric
energy density, simply based on material, electrode, cell design, and engineering improvements. One area of
improvement will be to increase the physical and active content and loadings and the density of the
electrodes (and tap densities of active materials) to maximise the volumetric capacity. Electrolyte loadings
can also be optimised to reduce cell weight.

First-cycle efficiencies (FCEs) for hard carbons are also quite low compared to that of graphite (<78%
compared with >92%); investigating the use of a range of hard carbon/electrolyte combinations with higher
FCEs will further increase the energy density. Hard carbons with lower average discharge voltages will
increase the average cell operating voltage and the overall gravimetric and volumetric energy densities of the
cells. Implementing these design and engineering optimisations could increase the energy density of
first-generation NIBs to 160 Wh kg−1 [301].

Next-generation cathode chemistries are also being investigated [252]. These will seek to reduce the
amount of Ni in the cathode by replacing it with Fe and/or Mn to significantly reduce the cost. Lower
processing costs are also an area to explore to improve € kWh−1 for first-generation NIBs.

Alloying elements such as Sb, Si, Ge, As, Sb, Se, Pb, and Bi are also being investigated as alternatives to
hard carbon anodes [252]; it is believed that the second generation of anodes will use these as blends with
hard carbon. Titanium phosphates (e.g. NaTi2(PO4)3) and titanium oxide (Na2Ti3O7) insertion compounds
are also being investigated as alternatives to hard carbons [252].

Compared to LIBs, the NIB anode and cathode spaces are relatively unmined, so there is still significant
potential to further increase the energy density of second-generation NIBs beyond 170 Wh kg−1; 190
Wh kg−1 has been predicted by Barker [301]

Concluding remarks
This short techno-economic assessment has shown that the current generation of NIBs, if advanced to mass
production, can be competitive against LFP (and replace Pb-Acid) and NMC cells for stationary and
telecoms applications. NIBs show massive advantages in safety, compared to either LFP or NMC cells, and
have the potential for reduced cost (predominantly because Na is significantly more abundant than Li) and
improved cycle life. The current generation of NIBs has the potential to exceed 150 Wh kg−1 through
electrode and cell design optimisation. As a new technology, NIBs also have the added advantage of being a
‘drop-in’ replacement for LIBs, as the manufacturing processes are compatible.

Other potential benefits include the potential to store NIBs at 0 V without impacting safety and
performance; this will allow for cheaper storage and transportation.

Due to the significant worldwide research in NIB materials, advances will probably lead to
second-generation energy densities of >180 Wh kg−1.

However, timescales for commercialisation may be long, and the timing of introduction to the market
will be crucial to displace existing technologies. Satisfying existing regulatory and policy requirements is also
a factor to be considered in the timescales for the commercialisation of NIBs. If Ni can be removed from the
cathode formulation, then upcycling and disposal could be potentially easy and inexpensive.
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