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Abstract 

Lithium-ion batteries are essential for portable technology and are now poised to disrupt a century 

of combustion-based transportation. The electrification revolution could eliminate our reliance on 

fossil fuels and enable a clean energy future; advanced batteries would facilitate this transition. 

However, owing to the demanding performance, cost, and safety requirements, it is challenging to 

translate new materials from laboratory prototypes to industrial-scale products. This Perspective 

describes that journey for a new lithium-ion battery anode material, TiNb2O7 (TNO). TNO is 

intended as an alternative to graphite or Li4Ti5O12 with better rate and safety characteristics than 

the former, and higher energy density than the latter. The high capacity of TNO stems from 

multielectron redox of Nb5+ to Nb3+, its operating voltage window well above Li+/Li reduction 

potential prevents lithium dendrite formation, and its open crystal structure leads to high-power 

performance. Nevertheless, the creation of a practical TNO anode was non-linear and non-trivial. 

Its history is built on 30 years on fundamental science that preceded its application as a battery, 

and its battery development included a nearly 30-year gap. The insights and lessons contained in 

this Perspective, many of them acquired firsthand, serve two purposes: (i) to unite the disparate 
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studies of TiNb2O7 into a coherent modern understanding relevant to its application as a battery 

material and (ii) to briefly highlight some of the challenges faced when scaling up a new material 

that affect TiNb2O7, as well as new electrode candidates more generally.  

 

1. Introduction. Of the thousands of materials that have been investigated as prospective 

rechargeable lithium-ion battery electrodes, only a handful have progressed along the road to 

commercialization. For cathodes, the list comprises layered rocksalt-derived lithium cobalt oxide 

(LCO, LiCoO2),1 olivine lithium iron phosphate (LFP, LiFePO4),2 spinel lithium manganese oxide 

(LMO, LiMn2O4),3 and their many substituted variations, particularly for the layered rock-salt 

phases. For anodes, there have been even fewer successes, with graphite and spinel lithium 

titanium oxide (LTO, Li4Ti5O12)4 breaking through. Silicon-based anode materials (Si, SiOx) are 

being developed for commercialization by many start-up companies, and silicon compounds are 

finding use as an additive to graphite, but they have not as yet found large-scale adoption as 

primarily silicon anodes when long cycle life is required. Lithium metal was initially considered 

as an anode for commercial lithium-shuttling batteries, but it was quickly pulled from the market 

due to safety issues arising from lithium dendrites, though it is still commercialized for elevated 

temperature use with a polymer electrolyte.5 Descriptions of the development of these materials 

can be found elsewhere.6–19 Titanium niobium oxide (TNO, TiNb2O7), with many characteristics 

that are similar to LTO, is an electrode material with a crystallographic shear structure (Figure 1) 

that can be used as a high-power anode. Following the award of the 2019 Nobel Prize in Chemistry 

to Whittingham, Goodenough, and Yoshino “for the development of lithium-ion batteries”,7 and 

owing to the global effort to develop advanced battery materials, we thought it would be timely to 

chronicle and illustrate some of the challenges associated with the scale-up and building of the 

commercial titanium niobium oxide TNO – based battery, combining contributions from authors 

involved in the early discoveries, more recent fundamental studies, and researchers involved in its 

commercial development (see COI statements). 

This perspective commences with the discovery and characterization of TiNb2O7, follows the 

first mAh half-cell tests in research laboratories, details the tortuous path toward a practical large-

scale battery cell, and concludes with a brief future outlook for this new battery and its related 

chemistries. The historical account of fundamental studies on TiNb2O7 sets the stage for 

understanding how its crystal structure, cation order, and defects affect its performance as a battery 
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electrode; though it is also noteworthy that these studies in TiNb2O7 were closely tied to the 

development of now ubiquitous techniques such as Rietveld refinement, neutron diffraction, and 

transmission electron microscopy.  We hope that an understanding of the commercialization 

journey of TiNb2O7 and the interplay between fundamental and industrially driven studies may 

help speed up the transition of other new electrode materials into the marketplace for an 

increasingly diverse range of battery applications. 

  

Electrochemical energy storage 

technologies come with trade-offs; there is no 

known holy grail. Thus, new lithium-ion 

battery materials typically target some subset 

of voltage, chemical compatibility, 

mechanical stability, safety, sustainability, 

material cost, manufacturing cost, capacity, 

and energy and power density requirements 

while maintaining acceptable trade-offs 

among others. Many of the same choices are 

made at the electrode, cell, and battery pack 

levels. This process leads to different 

solutions for different applications, broadly divided into either high power density or high energy 

density cells, where the requirement may either be volumetric or gravimetric. In addition to the 

above requirements, characteristics to consider for successful commercialization include fast 

charging capability, shelf life, and operational temperature window. These considerations, in 

particular its energy density, rapid lithium diffusion and a potential window of 1.0–2.0 V vs. Li+/Li, 

make TiNb2O7 suitable as an anode material in the design of a safe battery that can offer high 

discharge power, rapid charging, and a long cycle life.  

The state-of-the-art material in the high-power and fast-charging performance space is an 

LTO-related compound, commercialized by Toshiba as the SCiB™ battery20, which is now used 

globally in applications including mild-hybrid electric passenger cars, electric buses and trolleys, 

electric trains, and grid energy storage systems. Generally speaking, Li4Ti5O12 reacts with lithium 

in a two-phase intercalation reaction to form Li7Ti5O12 with an average intercalation voltage of 

Figure 1. Crystal structure of TiNb2O7 showing 

(Ti/Nb)O6 octahedra arranged into 3  3 blocks; 

light and dark blocks are offset by ½ octahedra in 

the b-axis. A monoclinic unit cell is outlined in 

black. The crystallographically distinct cation sites 

are labeled; an inversion center exists in the block 

center. 
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1.55 V and a theoretical capacity of 175.1 mAhg–1. Relative to graphite, anodes of Li4Ti5O12 

provide only 50% of the gravimetric capacity and sacrifice approximately 40% of the voltage when 

paired with a 4.0 V cathode. Despite their limited energy density, LTO-based cells have had 

commercial success because they can be cycled over 20,000 times and can operate safely at current 

densities and temperatures that are not suitable for graphite-based batteries.20 Still, Li4Ti5O12 has 

only captured a small percentage of the anode market share, with a 2020 market size of 

approximately 12,000 tons.21 

New materials with high power and higher energy density are required. Titanium(IV)-

based materials have been extensively investigated for this purpose owing to their light masses 

and suitable voltage ranges. TiO2, in particular, offers a theoretical capacity of 335.6 mAhg–1 for 

the reaction to LiTiO2 and a range of polymorphs including rutile, anatase, brookite, and bronze, 

but none of these have penetrated the commercial market.  Niobium(V), at first glance, is less 

favorable due to its higher mass, but this disadvantage is more than fully compensated by an 

accessible two-electron reduction to Nb(III), a critical driver in this story and the broader recent 

acceleration of niobium-based battery research. 

In the context of battery materials, niobium(V) possesses many of the attractive features of 

titanium(IV). It is redox active, non-toxic, and air- and water-stable when in an oxide. While 

neither niobium(V) nor titanium(IV) yield electronically conductive materials because they are d0 

ions, the expanded 4d orbitals of niobium provide better orbital overlap for electron delocalization 

upon the introduction of charge carriers (e.g. by extrinsic doping or in situ from lithiation) whereas 

carrier doping of titanium(IV) oxides typically results in lower mobility materials, possibly due to 

the tendency to form polarons.22,23. From the perspective of availability, the average concentration 

of niobium in the upper continental crust is 10–26 ppm, comparable to cobalt (10–18 ppm), nickel 

(19–60 ppm), copper (14–32 ppm), molybdenum (0.6–1.5 ppm), tungsten (0.9–3.3 ppm), tin (1.7–

5.5 ppm), lithium (20–41 ppm), vanadium (53–107 ppm), and zinc (52–75 ppm) but far less than 

Mn (600–735 ppm), Ti (0.45%), and Fe (4.1–4.7%).24 In terms of the impact of the readiness of 

the niobium industry for battery materials, an estimated 74,000 tons of niobium was produced in 

2019, but the reserves (i.e. economic resources, not total resources) were more than 13,000,000 

tons.25,26 According to the U.S. Geological Survey, “[w]orld resources of niobium are more than 

adequate to supply projected needs.”26 However, niobium is considered a critical element owing 

to its concentrated production, which is estimated at 88% from Brazil, primarily from one 
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company, and 10% from Canada, also primarily from one company.25–28 The U.S. Geological 

Survey also reports that the Elk Creek deposit in Nebraska, United States, is expected to produce 

niobium after 2020.26 

Owing to the favorable properties of niobium, TiNb2O7 is being developed as a high energy 

density alternative anode material to Li4Ti5O12 for specific market sectors. The reaction of 

TiNb2O7 with lithium is not as well defined as that of Li4Ti5O12 because it occurs over a sloping 

voltage profile without a steep voltage drop. The reduction to Li3TiIIINbIV
2O7 (one lithium per 

transition metal) occurs at circa 1.4 V vs. Li+/Li, providing a theoretical capacity of 232.6 mAhg–

1. The reaction proceeds further as the voltage is decreased and can proceed all the way to 

Li5TiIIINbIII
2O7 with a theoretical capacity of 387.7 mAhg–1.29–31 The multielectron redox 

chemistry of TiNb2O7 puts it on a par with the gravimetric capacity of graphite (371.9 mAhg–1). 

It is worth mentioning that the crystal densities of Li4Ti5O12 (3.48 gcm–3)32 and TiNb2O7 (4.33 

gcm–3)33 are 1.6 and 2.0 times that of graphite (2.22 gcm–3),34 respectively; thus, the volumetric 

energy densities of these oxide anodes may compare to graphite more favorably than their 

gravimetric energy densities, depending on microstructural and electrode considerations. This 

point is particularly important because gravimetric performance is far easier to quantify with thin 

films and small cells than volumetric performance, but the latter is more critical for most 

applications. By way of example, decreasing the weight of a battery by 20% may reduce the weight 

of an EV by about 5% and thus improve its driving range by a few percent. On the other hand, 

decreasing the volume of the battery by 20% enables a 25% increase in the number of cells and 

energy resulting in a nearly 25% increase in driving range. If the capacity of TiNb2O7 reaches 

parity with graphite, then it offers a clear advantage over Li4Ti5O12 and should approach graphite 

on a volumetric energy basis. The high voltage of anodes such as TiNb2O7 and Li4Ti5O12 has both 

problematic and advantageous consequences. The cell-level energy density suffers significantly 

from the large loss in cell voltage, but the proclivity to form Li dendrites on fast charging is 

suppressed because the voltage is well above the lithium plating potential. Thus, a high anode 

voltage enables safe charging under high current densities even in a heterogeneous electrode with 

large overpotentials and may be considered a necessary feature for very rapid charging. The high 

operating voltage may also mitigate surface–electrolyte interphase (SEI) formation as the voltage 

window is largely within the stability limits of standard electrolytes. 
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2. Historical Background: 1950–2010. 2.1 Discovery and Structural Solution. A phase with 

the composition TiNb2O7 was first reported in late 1952 during a study of refractory oxides for 

nuclear engineering applications at the Battelle Memorial Institute in Columbus, Ohio.35,36 Three 

years later, Robert Roth and L. W. Coughanour at the National Bureau of Standards (now the 

National Institute of Standards and Technology) in Gaithersburg Maryland, published the first 

TiO2–Nb2O5 phase diagram.37 In their original report, X-ray analyses suggested that “TiO2:3Nb2O5 

and TiO2:Nb2O5 are probably pure compounds” and that rutile TiO2 and H-Nb2O5 end-members 

both have solid-solution regions of more than mol 10%37.  However, it was later revealed that the 

phase diagram is more complex: “TiO2:3Nb2O5” was actually Ti2Nb10O29,38 a phase TiNb24O62 

exists39, and the solid-solution region of TiO2 in H-Nb2O5 is in fact quite narrow.40–42 In 1961, six 

years after the report from Roth and Coughanour, A. David Wadsley at the Commonwealth 

Scientific and Industrial Research Organisation (CSIRO) in Canberra presented the first full 

structural model of TiNb2O7.43 The crystal structure of TiNb2O7 proved to be monumental, the 

first of what came to be known as block phases and eventually Wadsley–Roth phases, based on 

the principle of crystallographic shear44,45 of ReO3-like,46 i.e. unfilled perovskite, blocks (see 

Section 3.2.1). Wadsley already began to describe TiNb2O7 as a shear structure by 195844, having 

previously used the term molecular shear to describe the (Mo,W)nO3n–1 homologous series.47 Over 

the 1960s, until his untimely death, Wadsley, together with Roth, would go on to demonstrate that 

this structure type accounts for the “nonstoichiometry” (relative to a 3:1 O:M ratio required for the 

ReO3 structure) across the TiO2–Nb2O5 series,38,39 for the high temperature phase of Nb2O5,48 for 

PNb9O25,49 and for niobium-rich compositions within the Nb2O5–WO3 phase diagram50–56. Blocks 

formed from ordered, orthogonal crystallographic shear planes in an ReO3-like structure give rise 

to a series of substoichiometric MO3–x line phases with “a specific, albeit obscure, 

stoichiometry”57. Wadsley, in his final work, remarked that “The formula thus derived [from 

crystal structure analysis] may appear cumbersome, but it is nevertheless preferable to a less 

descriptive one based on a fractional ratio of oxygen to metal.”58 The block concept was extended 

to show that even subtle changes in stoichiometry near the line compounds can be explained by 

the coherent intergrowth of block structures.58–61 It was proposed that this is a low energy process 

because local structure and bonding are unaltered, unlike the case for the point defect models 

favored at the time to explain the M:O ratios in these phases. That these shear planes form long-

range ordered arrays was a surprise because it means that they interact coherently over a length 
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scale of tens of Ångstroms. While the block principles are now widely accepted, this structural 

mechanism was heavily debated and did not begin to settle until the structural solution of TiNb2O7. 

2.2 Defect Chemistry. The block mechanism with periodic and orthogonal shear planes 

describes the idealized structure of TiNb2O7. Real crystals, however, exhibit defects. Extended 

planar intergrowth defects, known as Wadsley defects,62,63 have been described in TiO2–Nb2O5 

and Nb2O5–WO3 block phases and are sensitive to factors such as composition, temperature, time, 

and atmosphere. John Allpress, a contemporary of Wadsley at CSIRO, undertook defect studies of 

TiNb2O7 among other shear phases in early electron microscopy studies in the late 1960s and early 

1970s. It turned out that the key features—the alternating filled columns and empty tunnels—of 

the Nb2O5-related block structures were extremely well-matched to the resolution of the latest 

transmission electron microscopy (TEM) methods at that time, so there was a great deal of interest 

in demonstrating that exciting new capability. Allpress showed that a niobium-oxide-rich 

composition relative to 1:1 TiO2:Nb2O5 yields disordered regions comprising ordered Ti2Nb10O29 

interspersed with ordered TiNb2O7 in the electron microscope.59 Coherent boundaries between 

these structures are compatible with the (3  3) block size of TiNb2O7 and the (3  4) block size 

of either polymorph of Ti2Nb10O29 (Figure 2).59 Note that monoclinic m-Ti2Nb10O29 and 

orthorhombic o-Ti2Nb10O29 differ only in the long-range sequence of the blocks and that the 

orthorhombic polymorph is formed only at higher temperatures. Though it is easy to imagine an 

analogous orthorhombic ordering with (3  3) blocks, the monoclinic phase is the only known 

TiNb2O7 polymorph. It is possible for Wadsley defects to order periodically within a host material, 

leading to a new crystal with a well-defined stoichiometry called an intergrowth phase. Intergrowth 

compounds have been observed as single crystals in the electron microscope and even in bulk 

powders in e.g. Nb26W4O77–a 1:1 intergrowth of Nb12WO33 and Nb14W3O44.54,56,59,64 However, 

only disordered Wadsley defects have been observed in TiNb2O7 to date. 

Owing to the oxygen-vacancy-compensating nature of Wadsley defects, it is believed that point 

defects are largely absent from crystallographic shear structures.65,66 The exception to this rule 

originated with the observations of Reginald Gruehn at Justus Liebig University Giessen that 

Nb2O5-rich block phases containing tunnels of tetrahedra at the corners—and only these phases—

showed small, but measurable ranges of stoichiometry.67 Allpress and Roth also observed varying 

composition without apparent Wadsley defects at the Nb2O5-rich end of the Nb2O5–WO3 phase 

diagram.68 These ideas were united under the framework of cation-excess occupation within the 
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corner tunnels facilitated by cation displacement and a transition from tetrahedral to octahedral 

coordination,69 thereby explaining the mystery of the “cation-excess” compound GeO29Nb2O5 

that was apparently isostructural with P2O59Nb2O5 (PNb9O25).70,71 The absence of tetrahedral 

tunnels in TiNb2O7 and the evidence for Wadsley defect formation suggest a paucity of point 

defects even if the bulk composition is off-stoichiometric. 

 

 

 

 

 

 

 

 

 

Figure 2. Model of the coherent interface structure between (3  4) blocks of octahedra in 

Ti2Nb10O29 (rectangular) and (3  3) blocks of octahedra in TiNb2O7 (square). Bold outlined blocks 

and non-bold blocks are offset by ½ of the length a (Ti/Nb)O6 octahedron in the axis regular to the 

page. The vertical lines show the positions of Wadsley defects. The prefixes o- and m- refer to the 

orthorhombic and monoclinic polymorphs of Ti2Nb10O29, respectively. Reprinted from the Journal 

of Solid-state Chemistry, Vol. 1, J.G. Allpress, “Mixed oxides of Titanium and Niobium: 

Intergrowth Structures and Defects”, pp. 66–81, Copyright 1969, with permission from Elsevier.59 

 

In the 1980s, Kamal Forghany, Stuart Anderson, and Tony Cheetham at Oxford and Arne 

Olsen at the University of Oslo undertook X-ray72 and electron microscope73 studies of TiNb2O7 

defect formation under oxygen-poor atmospheres. Two phases are observed initially as oxygen is 

lost from TiNb2O7: a niobium-enriched parent phase TiIV
1–xNbIV

xNbV
2O7 and a titanium-enriched 

rutile-phase TiIV
1–yNbIV

yO2. Upon further reduction, at a certain point the TiNb2O7 structure cannot 

accommodate additional niobium enrichment (n.b. Nb3O7, i.e. NbIVNbV
2O7, is not a known 
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reduced toward the known Nb12O29 phase23,75 with the simultaneous elimination of rutile TiIV
1–

yNbIV
yO2. 

2.3 Cation Ordering. Wadsley proposed a random distribution of titanium and niobium over 

the five crystallographically distinct cation sites in his original structural model of TiNb2O7 from 

single-crystal X-ray diffraction data.  In 1973, more than a decade after the host structure of 

TiNb2O7 was discovered, Cheetham and Von Dreele from the Inorganic Chemistry Laboratory at 

the University of Oxford reexamined this question in an early application of Rietveld 

refinement76,77 with neutron diffraction data.78,79 Neutrons are particularly well-suited to 

differentiate the cations in this system because Ti has a negative neutron scattering length of –

3.438 fm while Nb has a positive neutron scattering length of 7.054 fm.80 From their studies, 

Cheetham and Von Dreele concluded that there is partial cation ordering with Nb5+ exhibiting a 

strong preference for the central, corner-shared octahedron in the 3  3 block.78,79 The other four 

octahedral sites exhibit edge sharing: the corner sites of the block have the most edge sharing and 

were enriched in lower valent Ti4+ while the edge sites of the block, with an intermediate number 

of shared edges, were slightly enriched in Nb5+ relative to a random cation distribution (for details, 

see Section 3.2.1).78,79 In 1984, Madeleine Gasperin at Université Pierre-et-Marie-Curie, now part 

of Sorbonne Université, revisited the question of cation ordering in a single-crystal X-ray 

diffraction study and obtained virtually identical results (see also Section 3.2.1).81 We also note 

that cation ordering was observed at about the same time in a time-of-flight neutron diffraction 

study by Cheetham and Allen of another Wadsley–Roth phase, Nb14W3O44; in this case, the Nb5+ 

prefers the edge-sharing sites relative to the higher-charged W6+.82 

2.4 First Electrochemistry. The history of TiNb2O7 as a lithium-ion battery material 

originates at Bell Laboratories. In December 1983, Bob Cava (who was formerly a postdoc with 

Robert Roth), Don Murphy, and Sue Zahurak reported the electrochemical lithiation of TiNb2O7 

to Li2.4TiNb2O7 when cycled between 3.0 and 1.4 V vs. Li+/Li.83 In this seminal publication, the 

lithiation behavior of a number of other Wadsley–Roth phases were also presented including H-

Nb2O5, VNb9O25, GeNb18O47, o-Ti2Nb10O29, TiNb24O62, Nb12WO33, Nb14W3O44, and Nb18W8O69.4 

Simultaneously, in what would become a historical month for high-rate oxide anodes, the Bell labs 

team along with Tony Santoro at the National Bureau of Standards also published a landmark 

paper on the lithiation of spinel Li4Ti5O12 to Li7Ti5O12.4 Spinel research charged ahead and 

Li4Ti5O12 was developed for commercial applications while, in the rush of new materials being 
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reported in that period and the long shadow cast by lithium intercalated layered dichalcogenides, 

TiNb2O7 disappeared from the battery literature as suddenly as it arrived. 

 

3. Modern Insights: 2010–2020. 3.1 Picking up the Baton. The 30-year period from 1980 to 

2010 saw the revolution of lithium-ion batteries all the way from the discovery of LiCoO2
[ref.1] to 

ubiquitous portable electronics and the release of the lithium-ion battery-powered Tesla Roadster. 

After a nearly 30-year hiatus in the history of TiNb2O7, John Goodenough’s team at the University 

of Texas at Austin ignited the modern development of TiNb2O7 as a lithium-ion battery material 

(Figure 3) with a pair of communications in this journal in 2011.29,84 In the first report to focus on 

the battery performance of TiNb2O7, two modifications were tested: carbon-coating and n-type 

doping.29 TiNb2O7 was prepared from a sol–gel method while d1 Nb4+-doped TiIV
0.9NbIV

0.1NbV2O7 

was prepared with solid-state methods from TiO2, Nb2O5, and Nb metal. Note that the latter 

compound is analogous to the majority phase observed by reduction of TiNb2O7 in reducing 

atmospheres.72 Carbon-coating was achieved by annealing sucrose-coated particles in argon.29 

Among the new insights on the lithium-ion battery anode characteristics of TiNb2O7 were the 

importance of carbon-coating, even with 20% carbon additive in the slurry.29 Asymmetrical 

behavior was also observed with delithiation proceeding more rapidly than lithiation. Symmetric 

half-cell discharge/charge cycling was reported up to 4C/4C while asymmetric cycling up to 

2C/~120C was reported (where C, with units of h–1, is a measure of rate; nC corresponds to a 

current density that would attain n half cycles (charge or discharge) per hour, e.g., 4C would be a 

15 minute charge or discharge). The second communication, three months after the first, detailed 

the first use of TiNb2O7 in a full lithium-ion battery cell.84 Spinel LiNi0.5Mn1.5O4 was chosen as 

the cathode because it led to a 3.0 V full cell. Cathode-limited and anode-limited cells were 

examined, each with a 1:1.2 capacity ratio. LiNi0.5Mn1.5O4-limited cells exhibited poor capacity 

retention due to apparent overlithiation of the cathode in the examined voltage window. TiNb2O7-

limited cells, on the other hand, exhibited reasonable capacity retention over the first 50 cycles and 

utilized about 200 mAhg–1 (based on the mass of TiNb2O7) when cycled between 3.5 to 1.5 V.84 

Following a provisional patent application to the US Patent Office in July 2010, Goodenough and 

Jian-Tao Han filed a US patent application titled “Niobium Oxide Compositions and Methods for 

Using Same” covering TiNb2O7 on 29 July 2011.85 The patent was granted on 11 February 2014.85 
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Figure 3. Discharge (red) and charge (blue) curves and cycling performance (inset) of TiNb2O7 

vs. Li first published by Goodenough et al. in 2011. Adapted with permission from J.-T. Han, Y.-

H. Huang, J. B. Goodenough, “New Anode Framework”, Chemistry of Materials, 2011, 23, 2027–

2029.29 Copyright 2011 American Chemical Society. 

 

3.2 Exploring the Details. The renewed interest in TiNb2O7 has led to the report of various 

applied studies focused on doping strategies, morphological tuning (size, shape, and porosity of 

particles), and the construction of composites with various carbon allotropes in an effort to boost 

performance. A number of studies have also emerged on more fundamental aspects of TiNb2O7 as 

an electrode material, including the reaction mechanism, crystal structure, and electronic 

properties. In order to develop a battery material for commercial applications, its structure–

property relationships need to be studied across time-scales and length-scales to understand its 
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performance and degradation. We will not seek to review comprehensively the publications in this 

area, but rather provide a modern picture of TiNb2O7 as a high-rate lithium-ion battery anode. 

3.2.1 Crystal Chemistry of TiNb2O7. Wadsley–Roth phases, including TiNb2O7, can be 

pictured as hierarchical structures: atoms assemble into metal oxide octahedra (and sometimes 

tetrahedra); the octahedra assemble via corner-sharing into ReO3-like blocks whose size is defined 

by intersecting crystallographic shear planes; the blocks are then assembled into crystals in a 

stacking sequence that may or may not require the presence of space-filling tetrahedra. The state-

of-the-art picture of TiNb2O7 comes from a variety of sources including single-crystal X-ray 

diffreaction,43,81,33 powder neutron diffraction,78,79 and density functional theory (DFT) 

calculations31. Wadsley’s initial structure model of (3  3) blocks of ReO3-like octahedra joined 

together by crystallographic shear planes and his space group assignment (A/2m, No. 12) have 

stood the test of time,43 though other authors have elected to use different space group settings. 

The five crystallographically distinct cation sites in TiNb2O7 all occupy octahedra with unique 

coordination to their neighboring octahedra. First, the octahedra can be broken down into their 

position within the block: central, edge, and corner. The central site(s) is (are) purely corner sharing 

with no shared edges in all block structures; there is only one central site in (3  3) TiNb2O7. The 

two distinct edge sites in TiNb2O7 differ in that one shares two octahedral edges while the other 

shares three octahedral edges. Finally, there are also two unique corner sites. Both of these share 

four octahedral edges; however, they differ in their edge-sharing connectivity as depicted in Figure 

4. Comparison of the cation preferential ordering among the various studies is challenging due to 

the different site numbering schemes and space group settings. Nevertheless, the agreement 

between the single-crystal XRD and powder neutron data is remarkable, as seen in Table 1 where 

the sites have been aligned by row normalized to the numbering convention of Cheetham and Von 

Dreele. The agreement is perhaps more surprising given the differences in sample preparation: 

Cheetham and Von Dreele measured polycrystalline samples heated to 1350 C for ~10 days with 

three intermediate regrindings and rapid cooling;78,79 Gasperin pulled TiNb2O7 crystals from a 

mixture containing TiO2, Nb2O5, barium carbonate, and boric acid that was heated overnight at 

1250 C and then cooled;81 and Perfler et al. measured crystals slowly cooled from the melt at 

1600 C to 900 C at 0.5 Cmin–1 followed by air quenching33. We note that the intensities of the 

low angle peaks—(100), (102̅), (002) in the face-centered space group setting, e.g., of Cheetham 

and Von Dreele—are particularly sensitive to the cation ordering. The cation ordering was also 
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recently studied with DFT calculations in a 30-atom cell (Z = 3). The ground state and three next 

lowest energy structures contained Ti on the two corner sites labeled M2 by Cheetham and Von 

Dreele (M5 by Gasperin and Perfler et al.), which shows by far the highest Ti occupancies 

experimentally, with the third Ti in the cell showing a small preference for an edge or the remaining 

corner site over the central position.31 The least energetically favorable cation ordering was found 

with Ti on the M4 and M5 sites, also in full agreement with experiment.31 

 

Figure 4. Environment of the five crystallographically distinct (Ti/Nb)O6 octahedra in TiNb2O7. 

Bold shading indicates edge-sharing with another octahedra. The labels “central”, “edge”, and 

“corner” refer to the position of a given octahedron within the block of ReO3-like octahedra. In 

TiNb2O7, the two edge-type octahedra differ in number of shared edges and the two corner-type 

octahedra differ in their coordination to neighboring octahedra. The site numbering scheme 

follows Cheetham and Von Dreele.78 See also Figure 1. 
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Table 1. Ti4+/Nb5+ cation site preferences in TiNb2O7. 
Model Cheetham & Von 

Dreele78,79 

Gasperin81 Perfler et al.33 

Block Positiona 

[shared oct. edges] 

Site Ti (%) Site Ti (%) Site Ti (%) 

Corner [4 edges] M1 34(1) M3 28 M3 35.7(3) 

Corner [4 edges] M2 65(1) M5 64 M5 62.4(3) 

Edge [3 edges] M3 26(1) M4 28 M4 27.3(3) 

Central [0 edges] M4 14(2) M1 19 M1 9.1(5) 

Edge [2 edges] M5 21(1) M2 19 M2 20.2(3) 
aSee Figures 1 and 4 for a depiction of the positions of each octahedron within the block. 
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3.2.2 Consequences of Cation Ordering 

and Defects on Lithium Diffusion. The defects 

and cation ordering in TiNb2O7 are more than 

historical curiosities; these features play a key 

role in determining the energetics of lithium 

diffusion. Lithium traverses TiNb2O7 through 

the four parallel b-axis tunnels formed by the 

corner-sharing octahedra within each 3  3 

block, hopping between and through four- and 

five-coordinate sites with low hopping barriers 

of 100–200 meV.31 Li can hop between the 

parallel tunnels just as readily because the 

pathways between them are also defined by the 

corner-sharing octahedra in the blocks.31 The 

long range 1D diffusion of Li+ in TiNb2O7 has 

been compared to cars traveling down a multi-

lane highway; the Li-ions can easily switch 

lanes, making the transport far less susceptible 

to diffusion-blocking defects than in single-

tunnel 1D conductors such as LiFePO4.86 It is 

also interesting to note that several other ReO3-

type structures have been explored for 

applications as battery electrodes for similar 

reasons.46 

That the shear planes exist in two 

intersecting directions (CS)2
 
[ref. 64] in TiNb2O7 is 

critical to stabilize the structure while 

facilitating long-range diffusion. Earlier structural studies of the collapse of ReO3 upon lithium 

insertion87 motivated the original exploration of TiNb2O7 and other Wadsley–Roth phases with 

intersecting shear planes in 1983.83 The presence of parallel (i.e. non-intersecting) shear planes 

(CS)1 is also insufficient to prevent host rearrangement upon lithium insertion and extraction, 
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Electronic Conduction in TiNb2O7”, Journal of 

the American Chemical Society, 2019, 141, 

16706–16725 under CC-BY 4.0 license.31 
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regardless of whether these are ordered in ReO3-derived Magnéli phases, e.g., the homologous 

series (Mo,W)nO3n–1 or WnO3n–2,88 or present as disordered Wadsley defects, e.g., WO3–x (x ≲ 

0.04)89. Hypothetical three-dimensionally intersecting crystallographic shear planes, i.e. (CS)3, 

would suppress the diffusion pathways because shear planes effectively prohibit Li-ion 

transport.31,90 It is noteworthy that crystallographic shear is not necessarily the only mechanism 

that can stabilize the ReO3 framework against the tilts and distortions typical of perovskites. The 

La3+ ions that stabilize the solid electrolyte lithium lanthanum titanium oxide in the perovskite 

structure can apparently also enable it to reversibly cycle lithium.91 The role of point defects on 

ionic transport in these phases has not been studied, but it is a minor consideration since Wadsley 

defects minimize the occurrence of point defects. On that note, a recent strategy to increase the 

electronic conductivity of TiNb2O7
[ref.92] and Ti2Nb10O29

[ref.93–95] has been to anneal the samples in 

a reducing atmosphere to introduce d1 ions Ti3+ and/or Nb4+ and substantial concentrations of point 

defects (oxygen vacancies) have been implicated in this process, leading to nominal compositions 

TiNb2O6.91
[ref.92] and Ti2Nb10O27.1

[ref.94]. This point defect picture is inconsistent with the available 

evidence and closer examination would likely reveal a structural origin as previously shown in the 

1980s.72,73 The impact of Ti4+/Nb5+ cation ordering is expressed by differences in Li motion 

activation barriers as a function of the next-nearest-neighbor transition metal occupancy of the 

transition state configuration (Figure 5).31 

3.2.3 Structural Evolution during Lithiation. As TiNb2O7 is lithiated, the host framework 

evolves through approximately three regions,96 which are characteristic of Wadsley–Roth 

phases.86,97 In various reports, the volume expansion has been determined to be 7.2% to 

~Li3.6TiNb2O7 at 1.0 V (C/8),96 6.9% to ~Li3.5TiNb2O7 at 1.0 V (C/3.3),98 and 8.4% to 

~Li3.33TiNb2O7 (chemical lithiation)99. There is an abrupt color change upon lithiation; the pristine 

compound is a bright white powder, eventually becoming deep blue toward black at high states of 

lithiation.30,31 The color change is associated with n-doping the d0 TiNb2O7 and populating the 

conduction band, pushing the ~2.9–3.1 eV band gap insulator through (partial) localized 

paramagnetism at low lithium content (up to ~Li1.0TiNb2O7) toward a metallic lithiated phase at 

higher lithium concentrations.30,31 The Ti 3d and Nb 4d states overlap in energy31,99 and thus Ti4+ 

and Nb5+ are simultaneously reduced96. It is believed from X-ray absorption spectroscopy that 

Nb5+ undergoes multielectron reduction to Nb3+.96,100 
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3.2.4 Lithiated TiNb2O7. The structure of highly chemically lithiated LixTiNb2O7 (x = 2.67, 

3.33) has been investigated with high-resolution powder neutron diffraction by Catti et al.99 

Lithiation to Li3.33TiNb2O7 causes an anisotropic 8.4% volume expansion driven primarily by a 

7.4% expansion along the b-axis. In their refinement, Catti et al. placed the lithium atoms on or 

very near the mirror plane at (010), i.e. the same height as the metal atoms in the b-axis. These 

positions are four- or five-coordinated to oxygen atoms, depending on whether they are near a 

block corner. DFT calculations have provided additional details on the lithium positions,30,31,99 

particularly that the Li site energy minima and the transition states for diffusion are sensitive to 

Ti/Nb ordering and lithium concentration.31 

3.2.5 Morphology and Microstructure. The early studies of TiNb2O7 focused on the 

electrochemical behavior of bulk (µm-scale) particles.29,30,83 A second wave of nanostructured and 

porous TiNb2O7 morphologies followed96,101,102 and now grows steadily. Shorter diffusion 

distances are expected to increase the rate performance of lithium insertion and extraction. In all 

electrode materials, the increased particle surface area inherent to nanomaterials must be balanced 

against other performance factors such as electrode–electrolyte reactivity and cycle life as well as 

external factors such as cost and scalability (Section 4.1). Gas generation from Li4Ti5O12 with 

standard electrolytes and residual moisture is well-known103,104 and has now also been found in 

TiNb2O7-based batteries. Buannic et al. found that TiNb2O7 gassing under reasonable but relatively 

harsh conditions ((i) cycling against a high voltage LiNi0.5Mn1.5O4 cathode or (ii) storage at 45 C 

against a LiNi1/3Mn1/3Co1/3O2 cathode) was equivalent to, or worse than, Li4Ti5O12 and was a 

function of TiNb2O7 surface area with 32 m2g–1 particles evolving more gas than 6 m2g–1 particles 

annealed at a higher temperature.105 Wu et al. observed substantial gas formation in cycled 

TiNb2O7//LiFePO4 pouch cells and a transient SEI layer on TiNb2O7 that formed on lithiation but 

largely disappeared on delithiation.106 Future detailed studies of SEI formation on TiNb2O7 are 

warranted, particularly with respect to its dependence on state-of-charge, crystal facets, and carbon 

in TiNb2O7–carbon composites. 

3.2.6 Substitution and Doping. Doping of TiNb2O7 lithium-ion battery anodes started with 

Goodenough et al. and the substitution of 10% Nb4+ for Ti4+. Since then, cationic dopants such as 

Ru,107 Mo,108 Cu,109 and anionic doping strategies such as nitridation110 and oxygen-poor 

annealing92 have been examined. Generally, doping is employed to increase the conductivity of 

the white, electronically insulating TiNb2O7 host and is reported to increase the capacity and rate 
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performance; however, the electronic conductivity is known to increase by a factor of at least 107 

upon lithiation31 (i.e. in situ during battery cycling) so further studies are needed to understand the 

residual impact of doping on the conductivity after lithiation. This relatively nascent area 

encompasses a large phase space and there are many outstanding questions. We have already 

posited that reducing atmospheres likely lead to extended and heterogenous defects like those 

observed in older electron microscopy studies,72,73 and not to point defects as presently assumed92–

94. Furthermore, careful studies of the solid solubility limits and structural implications of other 

defects are warranted. 

 

4. Commercialization. 4.1 Some Practical Considerations. The landscape for commercial 

battery materials and methods, constrained by cost and scale considerations, is narrower than for 

laboratory exploration. Low-cost, sustainable, megaton-scale manufacturing of battery materials 

is enabled by air-stable, commodity reagents with solid-state or aqueous processing. For example, 

standard-grade metal oxides, carbonates, and sulfates may be readily used in industry, while metal 

nitrates and alkoxides are commonly used in research labs but face serious safety and cost barriers 

to scale-up. Furthermore, the metrics by which performance is measured evolve as a material 

moves toward practical applications. Crystal, particle, and electrode density reign as gravimetric 

performance largely yields to volumetric considerations. Particle morphology, electrode loading, 

electrode calendering (i.e. film compaction at mild heat and pressure), active material content, and 

electrolyte volume must be carefully considered to maximize the energy density while facilitating 

sufficient ionic and electronic conductivity to meet power and lifetime targets. As with Li4Ti5O12 

and LiFePO4, one generally desires the maximum particle size that meets these performance 

targets, but some down-scaling and carbon-coating may be necessary. The cost landscape is 

dynamic and not easy to evaluate when considering a new level of performance, e.g., power 

densities, charging rates, or non-ambient temperature performance that are fundamentally not 

safely accessible in graphite-based cells. Lifetime-normalized costs may be significantly different 

from upfront costs and the (more) relevant value will depend on the application and customer. 

These are just some of the myriad complex tradeoffs as an electrode candidate moves toward 

commercialization.  

4.2 Electrode Pairing. Evaluating TiNb2O7-based cell performance requires pairing this new 

anode material with a cathode and opens an array of choices and trade-offs. One must consider the 
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rate-limiting factor, which is typically the graphite electrode and its solid–electrolyte interphase 

(SEI) for charging rate, first cycle efficiency, and temperature window in a conventional lithium-

ion battery. With high-rate oxide anodes such as TiNb2O7, the cathode may become the limiting 

factor in some or all of these categories. Another consideration with TiNb2O7 and similar materials 

is the relatively high voltage that affords enhanced safety properties to the cell but constricts the 

cell voltage. The cell energy density is thus a more sensitive function of the cathode voltage when 

paired with a TiNb2O7 anode than with a conventional low-voltage anode. Another new parameter 

to consider when moving from half cells to full cells is the negative-to-positive electrode capacity, 

or N/P, ratio. Graphite-based cells use an N/P ratio greater than unity, often ~1.1, to ensure that 

the graphite anode does not overlithiate where it would reach 0 V vs. Li+/Li and form lithium metal 

dendrites. On the other hand, Han and Goodenough, in the initially reported 

TiNb2O7/LiNi0.5Mn1.5O4 full cells, showed better cycling performance with an N/P ratio of less 

than one. 

4.3 Toshiba. For their part in the fast-charging anode landscape, and along with a number of 

other battery manufacturers, Toshiba launched the SCiB™ in 2008 as a safe, long-life, high-power 

lithium-ion battery employing a lithium titanium oxide anode (LTO) instead of a conventional 

graphite anode. The latter induces short cycle life and safety issues caused by lithium metal plating 

on the surface of graphite anode under the conditions of fast-charge, long-term cycles and low-

temperature.111 However, in addition to the lower cell voltage, the theoretical capacity of LTO 

(175 mAhg–1) is lower than that of graphite (372 mAhg–1); energy density should be improved to 

expand the scope of electrification applications for fast charging anodes. Toshiba, amongst other 

academic and industrial researchers, has thus continued to pursue enhanced energy density anodes, 

and several oxides based first on titanium and then on mixtures of titanium and niobium with 

around 1.5 V operation potential vs. Li+/Li have been extensively studied.100,112–114  
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4.3.1 Highly Crystallized TiNb2O7. 

Toshiba has been developing several titanium 

niobium oxide related compounds.100,114 Of the 

various phases and morphologies, highly 

crystallized TiNb2O7 (H-TNO) nanoparticles 

synthesized by a hydrothermal method are 

reported to show the highest reversible capacity 

with 341 mAh g–1 accessible over a wide 

potential range of 0.6–3.0 V vs. Li+/Li.100 The 

volumetric capacity of H-TNO on the basis of 

the crystal density of 4.33 gcm−3 is calculated 

to be 1480 mAh cm−3, which is even higher 

than that of a graphite anode (837 mAh cm−3). 

Though Wadsley–Roth complex oxides are 

commonly cycled to a lower limit of 1.0 V vs. 

Li+/Li to ensure stability, additional lithium 

storage in H-TNO is found below this potential. 

High capacity at high rates in H-TNO is 

attributed to the short diffusion distances and 

good lithium diffusivity in the highly 

crystallized primary particles consisting of a 

uniform single-crystal face orientation (Figure 

6). In internal tests, the reversible capacity, 

charge-rate capability, and cycle-life 

performance of H-TNO were significantly 

higher than those of TNO synthesized by a conventional solid-state reaction route (S-TNO).100 

Toshiba filed a Japanese patent application on 29 October 2010 (JP2010-244658) and, 12 months 

later, a US patent application covering TNO with highly crystalized particles.115 The US patent, 

titled, “Battery active material, nonaqueous electrolyte battery and battery pack,” was granted on 

6 December 2016.115 Since 2010, Toshiba has filed more than 90 patent families worldwide for 

titanium niobium oxide related materials and battery systems. 

Figure 6. Morphological characterizations of 

hydrothermally synthesized H-TNO (a), (c), (e), (g) 

and solid-state-synthesized S-TNO (b), (d), (f), (h) 

particles by SEM images (a), (b), TEM images (c), 

(d), (e), (f), and selected area electron diffraction 

(SAED) patterns (g), (h). Reprinted from Solid State 

Ionics, Vol. 320, K. Ise, S. Morimoto, Y. Harada, N. 

Takami, “Large Lithium Storage in Highly 

Crystalline TiNb2O7 Nanoparticles Synthesized by a 

Hydrothermal Method as Anodes for Lithium-Ion 

Batteries”, pp. 7–15, Copyright 2018, with 

permission from Elsevier.100 
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4.3.2 High-density TNO Composite Electrode. While the laboratory-based work in Section 

4.3.1 showed that hydrothermally derived H-TNO exhibits advantages over solid-state-

synthesized S-TNO, NbCl5 is a fine chemical and not commercially available in relevant quantities 

for battery manufacturing. The challenge was then to develop an industrially relevant synthesis 

method, the result of which was reported to be a highly crystallized TNO compound designated 

high-density TNO (HD-TNO).113 
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HD-TNO is produced through a modified solid-state method that is more practical in terms of 

throughput and cost because it avoids extra reagents, fine chemicals, and drying steps. Oxide-

Figure 7. Crystallographic, microstructural, and electrochemical characterization of TiNb2O7. (a) XRD 

patterns for TNO secondary particles with carbon coating and primary particles without carbon coating. (b) 

SEM image for spherical TNO secondary particles. (c–d) TEM images for surface of TNO particle (c) without 

carbon coating and (d) with carbon coating. The sputtered ruthenium oxide protective layer is visible in (d). 

(e) Open-circuit plots of HD-TNO electrode during lithium insertion (filled circles) and extraction (open 

circles) at 15 mA g−1. (f) Cyclic voltammogram of HD-TNO electrode between 0.6 and 3.0 V vs. Li+/Li at a 

sweep rate of 0.1 mV s−1 and the second cycle. Reprinted from the Journal of Power Sources, Vol. 396, N. 

Takami, K. Ise, Y. Harada, T. Iwasaki, T. Kishi, K. Hoshina, “High-Energy, Fast-Charging, Long-Life 

Lithium-Ion Batteries Using TiNb2O7 Anodes for Automotive Applications”, pp. 429–436, Copyright 2018, 

with permission from Elsevier. 113 
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based precursors such as titanium dioxide and niobium pentahydroxide can be milled together and 

annealed to produce TNO, which is followed by carbon coating. Recall that a concern for TNO 

and other titanium–niobium oxides such as Ti2Nb10O29 and TiNb24O62 is their poor electronic 

conductivity. This problem should be especially relevant for practical applications, i.e., thick 

electrodes and high current densities. As we have already addressed, recent work has shown that 

the bulk conductivity of TiNb2O7 increases rapidly on lithiation.31 However, interparticle 

electronic conduction116 remains a critical issue and thus carbon additives and/or particle coatings 

are currently necessary regardless of the active-material electronic conductivity. This problem has 

motivated numerous studies of TNO nanoparticle and microsphere composite electrodes 

containing large quantities of conductive carbon additives such as Ketjen black or acetylene black 

and low active material mass and volume loadings to enhance the rate capability and cycle life. 

Even the initial report of Nb(IV)-doped and carbon-coated TiNb2O7 rate performance noted that 

30% carbon additive was required to overcome electronic resistance limitations at high current 

densities.29 In another example, TNO composite electrodes consisting of 60 wt% porous TNO 

nanoparticles, 25 wt% conductive carbon, and 15 wt% binder with a loading of 0.8–2 mg cm−2 

were reported to obtain a large reversible capacity of 307 mAh g−1 based on the TNO active 

material weight,117 but the gravimetric capacity of the whole composite electrode is only 184 mAh 

g−1. Moreover, nanoporous carbons and porous electrode structures lead to a low-density electrode 

and the volumetric capacity suffers even more than the gravimetric capacity. Both high volumetric 

energy density and high gravimetric energy density are required for automotive applications. Thus, 

it is necessary to develop TNO composite electrodes with high density and high active material 

loading in order to enhance the volumetric energy density at the cell level. To address conductivity 

issues without sacrificing energy density, Toshiba turned to the spray drying method to produce 

micrometer-size spherical TNO secondary particles coated with carbon (Figure 7). Sugar-coated 

TNO was spray dried from an aqueous solution and then annealed in a reducing atmosphere to 

produce polycrystalline HD-TNO with ~1 µm primary particles, ~10 µm secondary particles, and 

a ~2 nm conductive carbon coating. HD-TNO is scalable, and it was pursued as a material for 

high-energy-density electrodes because the powder possesses a high tap density.113 Also, the 

amounts of carbon conductor and binder additives can be minimized while still facilitating electron 

conductive networks. The HD-TNO composite electrode consists of about 90 wt% of the TNO 

active material and delivers the highest electrode density of reported TNO composite electrodes.113 
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This composite electrode also exhibits high-rate capability, long cycle-life, and a high volumetric 

capacity of more than twice that of LTO composite anodes.113 

4.3.3 Large Pouch Battery with TNO. Toshiba produced prototype large-scale 

TNO//LiNi0.6Co0.2Mn0.2O2 (NCM) pouch batteries with a capacity of 49 Ah in order to evaluate 

cycle life, fast charge/discharge rate performance and power capability for fully electric and plug-

in hybrid vehicle applications.113 The nominal capacity and nominal voltage at 0.2 C rate were 49 

A h and 2.25 V, respectively. The TNO//NCM power cell exhibited an energy density of 350 Wh 

L−1 and 138 Wh kg−1. The volumetric and gravimetric energy densities are considerably lower than 

state-of-the-art graphite//NCM, but the TNO//NCM power cell is designed to operate under 

different current density and a range of temperature conditions. The high-rate discharge capability 

leads to 93% retention of the rated 0.2 C capacity at 10 C (490 A) current through the cell (Figure 

8). Non-ambient temperatures are challenging for graphite owing to its sluggish low-temperature 

Charge time (min)

Figure 8. Performance of TNO//NCM batteries. Discharge voltage curves at various (a) discharge rates 

and (b) temperatures. (c) Changes in state-of-charge (SOC, solid line) and battery temperature (dashed 

line) at various charge rates. (d) Input (triangles) and output (circles) power density of the TNO//NCM 

battery (filled shapes) and LTO//NCM battery (open shapes) for 10 s current pulses as a function of SOC. 

Reprinted from the Journal of Power Sources, Vol. 396, N. Takami, K. Ise, Y. Harada, T. Iwasaki, T. 

Kishi, K. Hoshina, “High-Energy, Fast-Charging, Long-Life Lithium-Ion Batteries Using TiNb2O7 

Anodes for Automotive Applications”, pp. 429–436, Copyright 2018, with permission from Elsevier. 113 
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diffusion and fragile SEI. Meanwhile, the TNO//NCM cell also demonstrates a 63% capacity 

retention at −30 °C, relative to ambient temperature. The recharging time from 0 to 90% SOC at 

10 C rate at 25 °C is 5.5 min and the maximum temperature at the cell surface is 59 °C. It may be 

necessary to cool down the batteries during ultrafast charging, but mild cooling is a practical option. 

At the opposite extreme of cell surface temperatures, the battery can be recharged over the same 

SOC range in 12 min at −10 °C with neither accelerated degradation nor lithium metal plating.  A 

nail penetration test was also carried out to evaluate the safety properties of this 49 Ah TNO//NCM 

pouch cell in its fully charged state. The variations of cell voltage, cell temperature at various 

locations, nail temperature, and atmosphere temperature after nail penetration are shown (Figure 

9). After nail penetration, the voltage 

gradually decreased to 1.0 V over 100 

minutes, and the cell temperature rose to 

a maximum value of 48 °C at the center. 

The TNO anode has higher thermal 

stability than carbonaceous materials 

such as graphite118 and an almost 

insulative character except for the very 

thin carbon coating on its surface, which 

is expected to burn off at the internal 

short-circuit point. Thus, the use of a 

TNO anode – like LTO – appears to be 

an effective method to prevent thermal 

runaway. The maximum output-power 

and input-power density at 50% SOC are 

4 kW L−1 and 10 kW L−1, respectively. 

Interestingly, the input power density is 

much higher than the output, which 

would be suitable for a regenerative 

braking system in order to recover kinetic 

energy as efficiently as possible. 

 

Figure 9. Nail-penetration test of 49 Ah TNO//NCM 

pouch-cell battery. The nail penetration occurs at time = 0 

min. Voltage, nail temperature, cell temperature and 

atmosphere temperature are measured before and after the 

nail penetration. The schematic shows the nine cell 

temperature sensor locations, color coded to the 

temperature curves. 
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4.4 Bringing a New Element to the Market. Reported lithium-ion battery material candidates 

cover nearly the entire periodic table. On the other hand, only a few elements are used in bulk in 

commercial materials; the raw material metals conversation typically focuses on Li, Al, and the 

first-row transition metals Ti, Mn, Fe, Co, Ni, and Cu. It is reasonable then to wonder whether a 

new element, particularly a 4d transition metal, can be adopted and whether the supply chain exists 

at the scale relevant to the modern lithium-ion battery market. The annual production of niobium 

in 2019 was about 74,000 tons, primarily as ferroniobium alloy used for high-strength steel 

applications, whereas the Li4Ti5O12 market currently stands at an estimated 3000 tons.21,25,26 In 

2018, Toshiba Corporation partnered with CBMM, a niobium producer, to develop and 

manufacture TiNb2O7 at the pilot-scale manufacturing facility in Kashiwazaki, Japan.119 Together, 

the companies are working to provide battery cells and modules based on the TNO anode 

technology. Considering that niobium is a critical element, like other battery components including 

lithium, cobalt, manganese, graphite, titanium, and to a lesser extent, nickel,25,27,28 supply 

partnerships are important. This may be particularly true for resources such as niobium that have 

few suppliers. There is a recent trend among large-scale battery cell manufacturers such as LG 

Chem and electric vehicle companies such as BMW and Tesla to announce or ask for such 

partnerships in the nickel and cobalt markets.120–122 Along similar lines, electrode powders 

generally require battery-grade precursors that may differ from those for other technical or 

metallurgical applications, and this is also a factor to consider for niobium.  

 

5. Looking to the Future: Beyond 2020. 5.1 TNO. The example of TNO demonstrates that a 

promising battery material, which itself may be the product of years or decades of research is only 

the beginning. Manufacturing scale-up also requires a sustained effort and potentially supply chain 

development. The progress of TNO from its “rediscovery” in 2011 until now is an indication that 

opportunities exist for truly new chemistries in the commercial battery sector. Many hurdles have 

to be crossed to reach industrial production, but this can occur in a relatively short timeframe and 

is accelerated by a bedrock of fundamental academic studies. Moving forward, market 

development initiatives are being carried out to assess the myriad possible applications ranging 

from electric and hybrid family vehicles, heavy-duty trucks, buses, and trains to grid-scale energy 

storage systems to power-hungry devices such as cordless tools, forklifts, drones, and robots. The 
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vision is for TNO not just to be an energy-dense alternative to LTO but to be an enabling energy 

storage technology. 

5.2 NWO. TiNb2O7 is one of a family of niobium-based Wadsley–Roth structures. Among the 

diversity of chemistries, some of the most recent results of some of the authors have shown that 

larger block phases such as Nb16W5O55 with 4  5 blocks and Nb18W8O69 with 5  5 blocks (NWO 

phases) offer a few additional exciting features such as (i) multielectron redox of W6+ to W4+, (ii) 

excellent electronic properties owing to the lack of electron-localizing Ti centers, and (iii) a higher 

density of central tunnels that accommodate faster diffusion than the edge sites adjacent to shear 

planes.86,90,123,124 These features have led to high-rate performance without stringent carbon-

coating and particle size or morphology requirements. Just as the Wadsley–Roth crystallographic 

shear structures began with TiNb2O7, we hope that this work will lead to the next generation of 

advanced batteries related to TNO. 
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