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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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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.
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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.

Acknowledgments
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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

31



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

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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2.5. Organic materials
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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.
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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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