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Methods 

Synthesis and Structure Characterization 

Nb16W5O55 and Nb18W16O93 were synthesized by co-thermal oxidation of dark blue 

NbO2 (Alfa Aesar, 99+%) and brown WO2 (Alfa Aesar, 99.9%) in approximately one to 

five gram batches. The partially reduced oxides were massed to within 0.001 g of the 16:5 

or 18:16 stoichiometric ratios, ground together by hand with an agate mortar and pestle, 

pressed into a pellet at 10 MPa, and heated in a platinum crucible at a rate of 10 K×min–1 to 

1473 K, and naturally cooled in the furnace over ca. 2 h. Both phases formed subhedral 

particles with ~3–10 µm primary particles that appeared in the electron microscope to be 

intergrown/’cemented’ into larger secondary particles of ~10–30 µm (Fig. 1, S3a–b). As 

synthesized, Nb16W5O55 is pale yellow–green and Nb18W16O93 is off-white (Fig. S3c) (n.b. 

both mixed metal oxides are intermediate in color between light green WO3 and white 

Nb2O5). Energy-dispersive X-ray spectroscopy (EDX) revealed a uniform distribution of 

niobium, tungsten, and oxygen with no apparent phase-segregated particles nor the 

presence of any other elements (besides those on the background adhesive carbon) (Fig. 

S4–5). Note that while phases such as Nb2O5 and WO3 would be distinct, particles of 

niobium tungsten oxide phases with similar composition to Nb16W5O55 or Nb18W16O93 

would not be distinguishable via EDX. Though the phase diagram1 suggests that 

Nb16W5O55 is only formed between ca. 1363–1658 K and is a metastable phase that should 

disproportionate to Nb14W3O44 and Nb2WO8 on cooling, this was not observed. Nb16W5O55 

retains its high-temperature structure on quenching2 and even with more modest cooling. 

In the original synthetic report,3 Roth and Wadsley also noted that phase-pure Nb16W5O55 

was obtained even after annealing at 1273 K for one to three days after an initial heat 
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treatment at 1623 K for 24 h. To investigate other synthetic methods, samples were also 

prepared by quenching the samples from 1473 K onto a steel plate as well as from 

analogous pellets or loose mixed powders of Nb2O5 (Alfa Aesar, 99.9985%) and WO3 

(Sigma-Aldrich, ≥99%) precursors. Large (20 g) single batches of Nb16W5O55 and 

Nb18W16O93 were produced by hand grinding (agate, 5 min) or ball milling (SPEX 8000M 

high-energy mixer/mill; zirconia jar with two 5 g zirconia balls, 90 min) Nb2O5 and WO3 

powder followed by heating in a platinum crucible covered with a platinum lid in air at 973 

K for 12 h then 1473 K for 12 h. For the large batches, heating was performed at  

10 K°×min–1 and the samples were allowed to cool naturally in the furnace over ca. 2 h. 

Thermogravimetric analysis (TGA, Fig. S6) reveals that WO2 oxidizes to WO3 starting 

around 700 K and NbO2 oxidizes to Nb2O5 starting around 550 K. At 1273 K, the WO2 

sample had gained 7.8% vs. the expected 7.4% and NbO2 had gained 5.8% compared to 

the expected 6.4%. These small differences may arise from slight off-stoichiometry in the 

starting material. WO3 will undergo sublimation at temperatures near or above 1273 K; 

however, the reaction with niobium oxide apparently stabilizes the volatile tungsten to 

significantly higher temperatures. After 24 h at 1473 K, the mass change was –0.4% for 

Nb16W5O55 and –0.3% for Nb18W16O93 below the expected value, which is within the error 

of the expected mass changes for NbO2 and WO2 oxidation. 

Laboratory powder X-ray diffraction patterns were measured at ambient temperature 

with a Cu Ka source in Bragg–Brentano geometry at 0.83°×min–1. The sample stage rotated 

continuously to improve powder averaging. Sample phase and purity were determined by 

Rietveld refinement in GSAS-II (Fig. S7).4 Given the synthesis time and temperature (1473 
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K, 24h) the block phase Nb16W5O55 samples are expected to contain several percent of 

Wadsley defect fringes, as suggested by the laborious study of Allpress and Roth.5 

TGA measurements were performed on a Mettler Toledo TGA/SDTA 851 

thermobalance. Samples were placed in a tared 100 µL alumina crucible and the mass was 

recorded from 323 to 1273 K in steps of 1 K·min–1 under constant air flow (50 mL·min–1). 

A blank with an empty crucible was recorded under the same conditions and subtracted 

from the NbOx/WOx data. The raw data were numerically differentiated to obtain 

differential thermogravimetry (DTA) curves. 

Scanning electron microscopy (SEM) images were taken with a Σigma VP instrument 

(Zeiss) at 3.0 kV and a MIRA3 instrument (TESCAN) at 5.0 kV with secondary electron 

detection. Tap density was recorded on an AutoTap (Quantachrome Instruments) 

instrument operating at 257 taps·min–1. Tap densities were measured according to ASTM 

international standard B527-15 modified to accommodate a 5–10 cm3 graduated cylinder. 

 

Electrochemical Characterization 

All electrochemical measurements were conducted in stainless steel 2032-coin cells 

(Cambridge Energy Solutions) with a conical spring, two 0.5 mm stainless steel spacer 

disks, a plastic gasket, a glass microfiber separator (Whatman), and an electrode of 8:1:1 

active material/carbon/binder (mass ratio); 2–3 mg×cm-2 active material loading; 1.27 cm2 

electrode area. The metal oxide and conductive carbon (Super P, TIMCAL) were ground 

by hand in an agate mortar and pestle in an 8:1 mass ratio. This powder was ground in a 

9:1 mass ratio with poly(vinylidene difluoride) (PVDF, Kynar) dispersed in N-methyl 

pyrrolidone (NMP, Sigma-Aldrich, anhydrous, 99.5%). Though standard, SuperP carbon 
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is a nanoparticulate powder and NMP is a hazardous organic solvent so appropriate 

nanoparticle cabinets/fume hoods should be used. This metal oxide/carbon/polymer 

electrode served as the cathode against a Li metal disk (LTS Research, 99.95%) anode in 

half-cell geometry. The electrolyte for all experiments was 1.0 M LiPF6 dissolved in 1:1 

v/v ethylene carbonate/dimethyl carbonate (EC/DMC, Sigma-Aldrich, battery grade). No 

additives were used. Electrochemistry was performed in a temperature-controlled room at 

293 K. A Biologic galvanostat/potentiostat with EC-Lab software was used to perform the 

electrochemical measurements. In this work, C-rate is always defined relative to one 

electron transfer per transition metal, e.g., for Nb16W5O55, 1C = 171.3 mA×g–1, 20C = 3426 

mA×g–1. Theoretical capacity is calculated by: 

𝑄"#$%&$"'()* =
𝑛𝐹
3.6𝑚 =

21 ∙ 96485.3	[𝐶 ∙ 𝑚𝑜𝑙>?]
3.6	[𝐶 ∙ 𝑚𝐴>? ∙ ℎ>?] ∙ 3285.65	[𝑔 ∙ 𝑚𝑜𝑙>?] = 171.3	𝑚𝐴 ∙ ℎ ∙ 𝑔>? 

where n is the number of electrons transferred per formula unit, F is Faraday’s constant, 

3.6 is a conversion factor between Coulombs and the conventional mA×h×g–1, and m is the 

mass per formula unit. 

Anode material Ragone plot: the energy density of a cathode material is the product 

of capacity (Q) and voltage (V); however, this product does not work when comparing 

anode materials, where energy and voltage have an inverse relationship. In the calculation 

of the anode material Ragone plot in Fig. 5b, the energy (E) is computed based on the 

voltage difference versus a 4.0 V cathode. Thus, normalized to the anode, Eanode = (Vcathode–

Vanode)*Qanode. Literature values for the Ragone plot were extracted with WebPlotDigitizer.6 
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Operando Synchrotron X-ray Diffraction 

Operando powder diffraction measurements were carried out at beamline 17BM 

(bending magnet) at the Advanced Photon Source at Argonne National Laboratory. The 

samples were measured at ambient temperature in transmission geometry at 17 keV 

(0.7295 Å) with an area detector. All operando measurements were performed in the 

AMPIX cell, which has been described elsewhere.7 Briefly, it contains a hard, conductive 

glassy carbon window to prevent inhomogeneous electrochemical reactions, which are a 

concern with flexible and/or non-conductive X-ray windows.7 Due to the absorbing nature 

of niobium and tungsten and the lack of current collector, self-standing electrodes were 

made with a 3:6:1 (Nb16W5O55 at C/2) or 5:4:1 (Nb16W5O55 at 5C and N18W16O93 at 1C, 

5C, and 10C) ratio of metal oxide/SuperP carbon/poly(tetrafluoroethylene). The resulting 

electrodes were approximately 1.0 cm in diameter and contained 5.3 mg, 8.7 mg, and 8.0 

mg active material for Nb16W5O55 (C/2), Nb16W5O55 (5C), and N18W16O93 (1C, 5C, and 

10C). AMPIX cells were constructed in an argon glovebox with lithium metal counter 

electrodes, glass fiber separators (Whatman), and 1 M LiPF6 dissolved in 1:1 v/v ethylene 

carbonate/diethyl carbonate (EC/DEC). Two-dimensional image data were converted to 

conventional one-dimensional diffraction patterns through integration in GSAS-II after 

calibration with LaB6.4 Background subtraction, primarily from the glassy carbon window, 

and normalization to X-ray intensity were performed on the one-dimensional integrated 

diffraction data. 

Sequential Rietveld refinement of the unit cell parameters of Nb16W5O55 and 

Nb18W16O93 during operando galvanostatic electrochemical lithiation was performed in 

GSAS-II. The initial structure model was based on Rietveld refinement of the atomic 
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coordinates, unit cell parameters, background, and instrument parameters (zero offset, U, 

V, and W) of the first in situ diffraction pattern prior to application of an applied current. 

For the sequential refinement, only unit cell parameters and background coefficients were 

allowed to vary; refinement of the atomic coordinates was not attempted due to the large 

number of variables this would introduce, the weak relative scattering of lithium and 

oxygen versus niobium and tungsten, and the optimization of experiments toward rapid 

data collection. Nb16W5O55 contains 11 metal sites and 28 oxygen sites and Nb18W16O93 

contains 10 metal sites and 25 oxygen sites in the asymmetric unit. 2D diffraction images 

(integrated to 1D patterns) were collected in 7–15 seconds (Table S1). 

Nb18W16O93, exhibiting a region of two-phase behavior, was fit from a double-ended 

sequential Rietveld refinement where the process described above was also initiated from 

the structure at the end of discharge and a ‘backward’ refinement was performed. Error 

bars are derived from the refinements. Unit cell parameters in the two-phase region of 

Nb18W16O93 and the inhomogeneous solid-solution region of Nb16W5O55 were estimated 

by fitting individual reflections to two sets of lattice parameters (Nb18W16O93) and 

measuring the range of individual reflections (Nb16W5O55); thus, error bars are not 

calculable by the whole pattern refinement method. Due to the unit cell dimensions and 

exacerbated by pseudosymmetry, there is severe overlap of reflections in both Nb18W16O93 

and Nb16W5O55 even at the high-resolution available at a synchrotron X-ray source. 

Furthermore, the anisotropic lattice expansion results in reflections crossing during 

discharge (Fig. 4), which introduces challenges for sequential refinement. From 145–155 

mA×h×g–1 in Nb16W5O55, this crossover (Fig. 29) resulted in strongly correlated and 

inconsistent fits for four consecutive diffraction patterns. These patterns were fit according 
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to the individual reflection model described above assuming linear changes, an 

approximation over the small change in lithium content and unit cell dimensions. 

 

Operando and Ex Situ Synchrotron X-ray Absorption Spectroscopy 

Operando X-ray absorption spectroscopy (XAS) was performed at beamline 9BM 

(bending magnet) at the Advanced Photon Source at Argonne National Laboratory. Nb K-

edge spectra were recorded at ambient temperature in transmission mode above and below 

the absorption edge of 18,986 eV. The same AMPIX cells were used as for the diffraction 

measurements but with a higher metal oxide loading of 22.5 mg and lower carbon content 

(8:1:1 ratio, oxide/carbon/binder) at C/3 rate. 

Ex situ XAS was performed at beamline B18 (bending magnet) at Diamond Light 

Source, Didcot, UK. Nb K-edge, W LI-, LII-, and LIII-edges were measured at ambient 

temperature in transmission mode in energy scans above and below the absorption edges 

of 18,986, 12,100, 11,544, and 10,207 eV, respectively. The X-ray energy ranges were 

scanned over 1000 (W LI + LII) or 1500 (Nb K, W LIII) eV in steps of about 0.4 eV. To 

synthesize powders for ex situ characterization, pellets of pure Nb16W5O55 powder were 

pressed into pellets at 1–2 MPa, discharged to the relevant lithium content in coin cells as 

previously described, extracted in an argon glovebox and rinsed three times with 2 mL 

dimethyl carbonate (DMC, Sigma-Aldrich, anhydrous, ≥99%). Upon lithiation, the color 

of Nb16W5O55 changed from a pale yellow–green toward light then dark blue through to 

dark maroon above approximately 0.5 Li+/TM. Samples for XAS were prepared in an argon 

glovebox by carefully grinding the active material (typically 15–18 mg) with dried 

cellulose (to a total mass of 60 ±5 mg) in an agate mortar and pestle to achieve a fine 
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homogeneous sample with a change in absorption coefficient of ca. 1 across the Nb K and 

W LIII absorption edges. The thoroughly ground powders were pressed into 8 mm diameter 

pellets (about 1 mm thick) in the glovebox. Non-air sensitive samples (pristine and 

reference) were measured in air while lithiated samples were transferred from the glovebox 

in a home-built (Diamond) transfer chamber with X-ray transparent windows. The argon 

in the chamber was flushed with helium to reduce background absorption and the samples 

were measured at a slight overpressure of helium to ensure the exclusion of air. Multiple 

spectra were collected on each sample to improve signal-to-noise and to ensure sample 

stability with respect to possible air contamination or beam damage. The oxides appear to 

be quite stable; no changes were observed for any sample between the first and last 

measurement (typically 2–6 spectra per sample) over several hours in the sample chamber 

and 30–60 minutes in the X-ray beam. 

For all XAS measurements, simultaneous measurement of a reference Nb or W foil 

was recorded with each spectrum to ensure X-ray beam stability and energy calibration. 

Data merging, calibration/alignment, analysis, and peak fitting were performed within the 

Athena program in the Demeter package running IFEFFIT.8,9 The Nb K-edge, W LI-, LII-, 

and LIII-edges were calibrated to the reference Nb and W metal foils by setting the first 

maximum in the derivative plot of absorption versus energy equal to the standard electron 

binding energy.10 Nb16W5O55 operando calibration was set equivalent to ex situ calibration 

to simultaneously compare edge shifts of both datasets. 
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7Li Pulsed Field Gradient NMR Spectroscopy 

7Li NMR diffusion spectra were recorded on a Bruker Avance III 300 MHz (7.0 T) 

spectrometer using a Diff50 probehead equipped with an extended variable temperature 

(EVT) 5 mm single-tuned 7Li saddle coil insert. All of the materials examined here showed 

T1 > T2.  Therefore, spectra were recorded with the stimulated echo pulsed field gradient 

(PFG) sequence shown in Fig. S13 to minimize T2 losses. After the first 90° radiofrequency 

(rf) pulse, the net magnetization loses coherence due to T2 relaxation; thus, the time period 

following this pulse, which includes the first PFG pulse (to encode spin position), must be 

shorter than T2. In the stimulated echo sequence used here, a second 90° rf pulse is applied 

which stores the net magnetization along the z-axis, allowing diffusion times, Δ, 

commensurate with the comparatively longer T1 value, as no T2 relaxation occurs. During 

Δ, a short spoiler gradient (SINE.100) is applied to remove residual transverse 

magnetization. Afterwards, a third 90° rf pulse is applied, followed by a PFG pulse to 

decode spin position. Sufficiently long delays between PFG and radiofrequency pulses 

were used (1 ms) to minimize eddy currents in the diffusion measurements.  

During this sequence, the gradient strength, g, was varied from 0.87 to 1800 or 2300 

G×cm–1, and 16 gradient steps were acquired using ‘opt’ shaped pulses with 1024–4096 

transients. The opt shape is a composite pulse that starts with a quarter of a sine wave, 

followed by a constant gradient, and ends with a ramp down (Fig. S13). The ‘opt’ gradient 

pulses provide the largest gradient integral for a given time period, maximizing the range 

of diffusion coefficients we could assess in this experiment.  

Spectra were analyzed in phase-sensitive mode and the response of the integrated 

NMR signal intensity, I, to variation in g, is described by the Stejskal–Tanner equation11: 



 
 

15 
 

𝐼
𝐼F
= 𝑒𝑥𝑝 J−𝑔L𝛾L𝛿L J∆ −

𝛿
3P ∙ 𝐷P 

where I0 is the intensity in the absence of gradients, γ is the gyromagnetic ratio (γ7Li = 

103.962 × 106×s–1×T–1), δ is the effective gradient pulse duration, and D is the diffusion 

coefficient. Typical δ values ranged from 0.8 ms to 1.5 ms and Δ values ranged from 50–

150 ms for the bronze and the block phase samples, respectively. 

Diffusion spectra were recorded at elevated temperatures due to the increase in T2 

observed at high temperature (e.g. T2 for Li3.4Nb18W16O93 is approximately 700 µs at room 

temperature vs. 1.9 ms at 453 K). (N.b. No attempt was made to calibrate the temperature 

for this experimental setup because a single-tuned 7Li coil was used and no reliable 7Li 

reference is routinely used for temperature calibration. The Bruker manual states that for 

static measurements, the temperature calibration should be within ±7 degrees of the set 

value.) The increase in T2 allowed the use of longer gradient pulses, δ, that were necessary 

to measure diffusion coefficients in the solid oxides. 
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Supplementary Text 

Discussion of the GITT Diffusion Coefficient and L–2 

Information on electrode thermodynamics, including phase transitions, and lithium 

kinetics12 can in principle be extracted from galvanostatic intermittent titration technique 

(GITT) measurements by tracking the voltage evolution after a brief current pulse as 

lithium diffuses and the chemical potential equilibrates within the electrode/particles. 

Reliable quantitative diffusion coefficients, DLi, are, however, difficult to extract from 

GITT alone. In order to determine a diffusion coefficient from GITT measurements, a 

diffusion length (L) must be defined but a battery electrode is a heterogeneous system. 

First, it is a composite of active material (here, metal oxide), porous carbon, and polymeric 

binder. Within this composite, there will be a distribution of particle sizes (unless single 

crystals13 or well-defined particles are employed; even then the diffusion varies with lattice 

direction). Furthermore, different regimes of diffusion must exist as there are solid/liquid 

interfaces and porous electrode structure. Nevertheless, in an electrode that does not 

undergo severe pulverization (e.g. an intercalation electrode), L is a fixed quantity 

throughout the experiment. Variation in L – a parameter required to relate the rate of 

relaxation to the diffusion – causes values of DLi to vary significantly between reports even 

for the same material.14,15 Thus, while a physically meaningful diffusion coefficient may 

not be extracted, a relative measure of diffusion is readily obtained. For this reason, we use 

an extracted proxy for lithium diffusion (DLi×L–2, Fig. S15), which removes the uncertainty 

in L and enables self-consistent analysis of a single electrode and electrodes prepared under 

identical conditions. The addition of quantitative information from another method, e.g., 
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NMR spectroscopy or tracer diffusion, allows us to calibrate relative changes in Li+ kinetics 

to quantitative diffusion values throughout a range of lithiation.  

 

Hard X-ray Absorption Spectroscopy 

XAS of the Nb K-edge probes 1s to 5p excitations at energies around 19.0 keV, which 

is well-suited for standard synchrotron analysis. In theory, one could perform the same type 

of analysis with 1s to 6p excitations at the W K-edge but at 69.5 keV it is impractically 

high in energy for standard beamline configurations and suffers from severe core-hole 

lifetime broadening.16 The W L-edges, however, at 12.1 to 10.2 keV are suitable for high-

resolution XAS. The W LI-edge measures 2s to 6p excitations while the W LII- and LIII-

edges correspond to transitions of 2p to (near-)valence 5d states. The LII/III edges are split 

by ca. 1337 eV by spin–orbit coupling; in the octahedral sites present in Nb16W5O55, these 

edges are further split by ca. 4 eV by ligand-field effects into transitions to t2g and eg 

orbitals. Authors have recently demonstrated the use of the 5d LI edges for oxidation state 

analysis in periodic11 and molecular17,18 structures. We considered this; however, the edge 

position of the W LI-edge in Nb16W5O55 is severely complicated by the strong pre-edge 

feature. In this system, the LII-edge offered an excellent alternative with a stronger signal 

and a single contribution from 2p1/2 to 5d3/2 excitations. N.b. The contribution expected for 

2p to 6s transitions can be neglected at the absorption edge for early third row transition 

metals.19 Meanwhile, the W LI pre-edge peaks that are problematic for energy calibration 

provide direct evidence for local geometry around the tungsten ions. 
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A second-order Jahn–Teller (SOJT) distortion moves Nb5+ and W6+ off-center in the 

otherwise centrosymmetric environments of the octahedral MO6 transition metal sites in 

Nb16W5O55 and Nb18W16O93. The SOJT results from the vibronic mixing of nondegenerate 

electronic states under nuclear displacements.20 In a d0 metal oxide, the energy difference 

between the ground and excited states is small owing to the pseudodegeneracy of the 

valence, filled p-orbitals and the first excited state, empty d-orbitals. This off-center 

distortion enables mixing of the dipole-transition-allowed p-states (for example, 5p for the 

Nb K-edge) with lower energy d-states (4d for the Nb K-edge), which gives rise to a pre-

edge feature before the main absorption edge in Nb K- and W LI-edge XAS spectra and 

serves as a direct probe of local symmetry and an additional measure of oxidation state. As 

the d0 cations are reduced, the energy of the d-states moves up and the SOJT distortion is 

reduced, which increases the local octahedral symmetry and decreases the pre-edge states 

and intensity. X-ray absorption pre-edge features are well-known in tetrahedral and other 

noncentrosymmetric local coordination environments so the SOJT distortion and d0 

electronic configuration is not required to cause pre-edge peak intensity from those sites. 

Nb16W5O55 has 40 distorted octahedral sites and 2 tetrahedral sites per unit cell while 

Nb18W16O93 has 30 octahedral sites and 4 occupied pentagonal bipyramidal sites per unit 

cell so some pre-edge intensity may be expected even beyond lithiation to the d1 electronic 

configuration. Interestingly, it has been shown that the tetragonal bronze structure cannot 

be constructed from identical, regular octahedra21 and so some local distortion is 

topologically required independent of the oxidation state or SOJT. 

N.b. for the related shear phase Nb12WO33, the three observed electrochemical regions 

have tentatively been assigned to the sequential reduction of W6+/5+, Nb5+/4+, and Nb4+/3+ 
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on discharge, but these proposed oxidation changes have not been experimentally 

verified.22,23 The XANES edge shifts and pre-edge evolution for Nb16W5O55 and 

Nb18W16O93 in this work indicate a parallel reduction pathway and multielectron charge 

storage of both transition metals (Main Text). 

 

Nb18W16O93 Operando Diffraction Mechanism 

As shown in Fig. 4b, lithiation from 0 to 0.2 Li+/TM is characterized by ab-plane 

expansion. The plateau-like region from 0.2–0.3 Li+/TM is associated with further ab-plane 

expansion, still maintaining the b » 3a superstructure, and contraction of the layers (c-axis). 

From 0.3–0.55 Li+/TM, the structure expands nearly isotropically, while at about 0.55 

Li+/TM, the pseudo-superstructure relationship collapses. From this point until 0.75 

Li+/TM, b contracts rapidly, a expands, and c is constant. At 0.75 Li+/TM, the layers begin 

to expand back to their initial spacing while b continues contracting, albeit at a slower rate, 

all the way to its initial length and a continues its expansion. Thus, when fully lithiated to 

1.0 Li+/TM (Li34Nb18W16O93), b and c are within ± 0.1% to the unlithiated host while c, 

and thus the total volume expansion, is +2.8%. In the multi-redox region beyond 1 Li+/TM, 

the structure again expands somewhat isotropically. 

 

7Li Pulsed Field Gradient NMR Spectroscopy 

Representative 7Li diffusion decay curves for the five samples studied,  

LixNb16W5O55 (x = 6.3, 8.4) and LixNb18W16O93 (x = 3.4, 6.8, 10.2), are shown in Fig. S14.  

The data quality is directly correlated with the Li content and subsequent signal-to-noise 

ratio (SNR) of the 7Li NMR spectra, where SNRs of 95, 56, 10, 12, and 12 were recorded 
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for Fig. S14a (Li10.2Nb18W16O93), S14b (Li6.8Nb18W16O93), S14c (Li3.4Nb18W16O93), S14d 

(Li6.3Nb16W5O55), and S14e (Li8.4Nb16W5O55) respectively.  We note that while the SNR 

of the low Li content Li3.4Nb18W16O93 sample is commensurately low and the signal decay 

is only ~60%, the observed trend in 7Li diffusivity and activation energy is consistent with 

that observed in more lithiated bronze structures. 

Per the discussion in the main text concerning the difficulties associated with 

measuring self-diffusion coefficients with PFG NMR, it is worth noting that even if the T2 

of these materials was sufficiently long, the cumulative length of δ applied before Δ in the 

pulse sequence of choice (Fig. S13) should not exceed 5 ms to mitigate probe damage. The 

limitation of cumulative δ = 5 ms places an inherent limitation on the diffusion coefficients 

that can be extracted using PFG NMR and effectively places the burden on the length of 

T1, which determines the length of Δ. 

The PFG data were initially fit with a single exponential to extract the diffusion 

coefficients.  In the case of the block phase, Li6.3Nb16W5O55, fitting the data with two 

components for a biexponential decay resulted in an improvement (on average) of a factor 

of two in the residual sum of squares of the fit to the NMR data.   Therefore, the 7Li NMR 

signal of the Li6.3Nb16W5O55 sample represented in Table 1 in the main texts can be 

interpreted as consisting of two Li species, one that diffuses rapidly and one that diffuses 

more slowly (N.b. both diffusion coefficients are markedly faster than those reported for 

LTO and LiFePO4). For the higher Li content block phase, Li8.4Nb16W5O55, the data fit 

well to a single component exponential that yields a similar diffusion coefficient and 

activation energy to the majority lithium phase in Li6.3Nb16W5O55. This suggests that, 

within the two component model, the fastest diffusing phase is present at lower lithium 
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concentrations and by the second stage of the electrochemical profile the structure is 

comprised entirely of the phase with room-temperature lithium diffusion ca. 1.6×10–13 

m2×s-1. 

For all measured stages of lithiation for the bronze phase (Li3.4Nb18W16O93, 

Li6.8Nb18W16O93, and Li10.2Nb18W16O93) the data fit well to a single component exponential 

decay (as reflected in the error bars in Fig. S14 that represent 2σ values obtained from the 

fit), and no remarkable improvement was observed upon fitting to a biexponential. 

Linear fits the 7Li diffusion coefficients of both the block and bronze phases as a 

function of temperature allows extraction of an activation energy, assuming Arrhenius 

behavior (Fig. S14). Extrapolation, using the activation energy, allows estimation of 7Li 

diffusion at room temperature and facilitates comparison to other solid state materials 

(Table S2). 

 

Parent Structure and RUMs 

Both the block (Nb16W5O55) and bronze (Nb18W16O93) structural motifs are derived 

from the parent ReO3 structure type, of which WO3 is a locally distorted analogue and the 

lithium lanthanum titanate perovskite, LLTO, is a version with Li+ and La3+ cations on the 

A-site.  In ReO3, WO3, and LLTO, Li ions occupy four-to-five coordinate sites and diffuse 

through square planar window transition states.  It is well established that this process is 

fast; an activation energy of 120–220 meV is found in LLTO, whose framework is 

stabilized by the large lanthanum ions.24–30  By contrast, while ReO3/WO3 should also be 

suitable for rapid 3D lithium motion, their open and flexible framework undergoes a 
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structural phase transition beyond ca. 0.35 Li+/TM that locks the Li+ in place reducing Li 

mobility significantly.25 

The shear and bronze structure formation mechanisms result in frustrated polyhedral 

networks which can no longer undergo the tilts on lithiation that clamp the lithium ions 

preventing their motion. These concepts are well-established in perovskites where the so-

called rigid-unit modes (RUMs) drive long-range cooperative distortions despite the 

framework structure31,32. In contrast, crystallographic shear and twisted, locked octahedra 

(Fig. S38) lead to two fundamentally different but effectively three-dimensional networks 

for lithium, while stabilizing the framework and precluding significant Li-induced RUMs 

that lead to local and long-ranged structural rearrangements. 

 

Structure Family Extensions 

Regarding the electronic structure changes of Nb16W5O55 and Nb18W16O93 upon 

lithiation, related partially reduced phases may be considered. Very high electronic 

conductivities are known in the crystallographic shear niobium tungsten oxides33 and 

related partially reduced versions of both families, e.g. shear Nb12O2934 and bronze 

A0.3WO335 (A = alkali metal cation), which exhibit resistivities lower than 10-2 W×cm. 

For ionic diffusion, there are also analogies with the new lithiated complex oxides 

and superionic conductors such as a-AgI36 and Li10GeP2S1237,38 in that there are multiple 

sites for the cations to occupy within a disordered 3D structure39,40. 

In the composition and phase space of shear and block structures, cation (e.g. early 

transition metals, p-block elements, aliovalent mixed metals)33,35,41–43 and anion (e.g. 

oxyfluorides42,44,45) dopants make it possible to tune the ionic and electronic properties and 
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thereby affect voltage, capacity, power capability, and stability. Analogues are known with 

Na+, K+, Mg2+, Ca2+, which suggests that the variety of possible tunnel shapes and sizes, 

vacant sites, and 3D connectivities is also promising for beyond Li electrochemical energy 

storage following the insights into high-rate and capacity discovered here. 

 

Application Considerations 

Fast charging or high-power delivery from a full cell requires a cathode to match the 

anode. While LiFePO4 has been used as a promising high-rate cathode46 along with LTO, 

both of these electrodes have exceptionally flat voltage profiles.  The combination provides 

a constant voltage but presents a serious challenge in terms of battery management systems 

(BMS). Simple and accurate BMS is a crucial factor for battery applications in electric 

vehicles and mobile technology and is even more important at high-rates to prevent 

dangerous and degradative over(dis)charging while maximizing utility. BMS rely on the 

ability to measure state-of-charge, which cannot be done simply by charge counting alone 

as the battery degrades. The open-circuit voltage is a more reliable measure, a 

thermodynamic quantity. In contrast to the LTO/LiFePO4 battery, the sloping voltage 

profiles of the new high-rate materials presented herein provide an opportunity for the 

modeling and electrochemical engineering/industrial communities to develop BMS based 

on sloping voltage profiles, which may prove to be a significant commercial advantage for 

Nb16W5O55, Nb18W16O93, and related materials in the growing area of high-power/fast 

charging applications. 

High-voltage anode materials such as the niobium tungsten oxides present several 

further advantages. Above 1.0 V vs. Li+/Li, the formation of SEI is minimal, which means 
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that Li will not be lost into side reactions with the electrolyte. Furthermore, in a full cell 

against e.g. LiFePO4, LiN(CF3SO2)2 (LiTFSI) can be used to replace the more toxic LiPF6 

electrolyte salt without degrading Al current collector(s)46 and Al can be used as the current 

collector instead of the more expensive Cu while avoiding LiAl alloying potentials (£0.3 

V vs. Li+/Li)47. Another incentive to find replacements for nano LTO is the issue of gas 

evolution and associated swelling or pressure build-up48,49, which stems from 

heterogeneous catalysis between the metal oxide surface and organic electrolyte. The small 

particle sizes required to compensate for poor Li+ and electronic diffusion in LTO increase 

the reactive surface area57, the much smaller surface area of the ca. 5 µm Nb16W5O55 or 

Nb18W16O93 particles potentially decreases side reactions. 
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Supplementary Figures 
 

 
 

Figure S1 | Voltage profiles of Li4Ti5O12, Nb16W5O55, and Nb18W16O93. Discharge and 
charge voltage profiles normalized to a, gravimetric capacity and b, lithium ions 
transferred per transition metal atom.  The average voltage of Li4Ti5O12, Nb16W5O55, and 
Nb18W16O93 is 1.55 V, 1.57 V, and 1.65 V, respectively. The Li4Ti5O12 electrochemistry 
shown here (extracted with WebPlotDigitizer6) represents an optimal performance, 
consisting of 5–20 nm particles on 15–20 nm carbon nanofibers (CNF) with a mass loading 
of 1 mg×cm–2.50  

a 
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Figure S2 | Bronze-like structure of Nb18W16O93. Nb18W16O93 is structurally related to 
the classic tetragonal tungsten bronze (TTB) by a tripling of the tetragonal a-axis. The TTB 
structure is stabilized by cations (e.g. K+, purple and white spheres); alkali cation-free 
Nb18W16O93 is stabilized by –M–O– chains partially occupying the tunnels and forming 
pentagonal bipyramids. The ionic and electronic implications for lithium intercalation, 
respectively, are that the layers of Nb18W16O93 are still fully open and unoccupied by 
cations (i.e., around the plane (x, y, ½)) and all metal cations are in the desired d0 electron 
configuration while in TTB neither of these criteria is met. 

× 3 

— 

TTB (KxWO3) TTB supercell 

Nb18W16O93 – distorted TTB superstructure 
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Figure S3 | Niobium tungsten oxide particle morphology and powder color. SEM 
images of a, Nb16W5O55 and b, Nb18W16O93 at a low magnification to show the roughly 
uniform particle size and presence of agglomerates. The background of (a) is a Cu grid and 
of (b) is adhesive carbon. c, Photograph of Nb16W5O55 and Nb18W16O93 powders (ca. 10 g 
each).  

50 μm 50 μm 

a b 

c 

5 cm 
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Figure S4 | Energy-dispersive X-ray spectroscopy of Nb16W5O55. The element maps 
reveal a uniform distribution of Nb, W, and O in the particles, i.e.) no inhomogeneous 
reaction producing, for example, Nb2O5 or WO3 is observed, in agreement with the 
diffraction data. The EDX spectrum does not indicate the presence of any contaminant 
elements; n.b. very small peaks are present from Na and Cu (~1.0 and 8.0 keV) from the 
adhesive carbon background in addition to the large background C peak (~0.3 keV). 

25 μm 

Electron image Nb Lα1 

O Kα1 W Lα1 

EDX Spectrum 
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Figure S5 | Energy-dispersive X-ray spectroscopy of Nb18W16O93. The element maps 
reveal a uniform distribution of Nb, W, and O in the bronze-like phase, i.e.) no 
inhomogeneous reaction producing, for example, Nb2O5 or WO3 is observed, in agreement 
with the diffraction data. The EDX spectrum does not indicate the presence of any 
contaminant elements; n.b. very small peaks are present from Na and Cu (~1.0 and 8.0 
keV) from the adhesive carbon background in addition to the large background C peak 
(~0.3 keV). 
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Figure S6 | Thermogravimetric analysis of reagents. a, NbO2 and b, WO2 were heated 
from 323 to 1273 K at 1 K·min–1 under flowing air at 50 mL·min–1. The mass change and 
its time derivative are shown. 
  

NbO2 à Nb2O5 WO2 à WO3 
a b 
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Figure S7 | X-ray diffraction patterns and Rietveld refinement. Structural models for 
a, Nb16W5O55 and b, Nb18W16O93 fit to laboratory X-ray diffraction data. Diffraction data 
are plotted on an (intensity)0.5 scale to partially visually compensate for the decreasing  
X-ray scattering factor at high angle. Detailed structural refinement of these complex 
phases was not attempted against this laboratory X-ray data; phase identification was the 
primary objective on these as synthesized host samples. 
  

a b 
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Figure S8 | Scanning electron microscope cross-sectional image of a composite 
niobium tungsten oxide electrode film. The Nb16W5O55:SuperP carbon:PVDF binder 
(8:1:1 mass ratio) film was deposited by the doctor blade method on Cu foil. Cross-
sectioning (with scissors) caused the film to delaminate at the corner (lower right), 
providing a view of the large metal oxide particles that dominate the composite film and 
the morphology of the surface that would be directly bound to the current collector.  

30 μm 
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Figure S9 | Comparison of Cu foil to carbon-coated Al foil current collector. a, For 
Nb16W5O55 cycled for 1000 cycles under constant current discharge and charge at 
10C/20C, Cu foil current collector displayed moderately higher capacity than carbon-
coated Al (C@Al) foil. Untreated Al foil has been shown to be insufficient for high current 
densities; C@Al demonstrated significant improvement over untreated Al.51 In 
Nb16W5O55, the lower voltage region is the source of excess capacity beyond 1.0 Li+/TM 
at low rates but is effectively shifted below 1.0 V at moderate rates. The second discharge 
peak (centered at 1.2 V) is only observed at C/5 in the dQ/dV plot (Fig. 2b). As a result, 
the capacity observed when cycling with a minimum voltage limit of 1.2 V vs. 1.0 V 
becomes less significant as rate increases and safety may be further improved by avoiding 
lower voltages. b, Discharge and charge profiles between 3.0 and 1.0 V for the 100th cycle 
at 10C. 
  

10C 
20C 

a b 
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Figure S10 | Longer term cycling as a function of minimum cutoff voltage. a, 
Nb16W5O55 cycled at C/5 and 1C on Cu foil with a 1 h potentiostatic hold at the top of 
charge and b, at C/5 on Al foil without a potentiostatic charging step. Constant current 
constant voltage charging is a common method to maximize capacity without 
overcharging, as in a, but the extra time required means that the cycling could be 
considered C/5 and 1C discharge but C/6 and C/2 charge. The 2nd to 50th cycle retention in 
a, is 96% and 93% for a voltage minimum of 1.2 and 1.0 V, respectively. The 51st to 100th 
cycles at 1C show capacity retentions of 99% and 101% for 1.2 and 1.0 V, respectively. 
Cycle retention for the 2nd to 50th cycles for C/5 in (b) is 88%, 90%, and 40% for 1.1, 1.0, 
and 0.9 V, respectively. Cycling time was approximately one month.  

C/5 
1C 

a b 
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Figure S11 | Overpotential in a Li || Li symmetric cell as a function of current density. 
Cells were configured identically to those used for metal oxide testing with the exception 
of a second Li disk replacing the composite electrode. Rate testing was carried out with 
current densities corresponding to the rates studied in Fig. 2a–e with 5 cycles at 100 µA 
(C/5), 500 µA (1C), 1 mA (2C), 2.5 mA (5C), 5 mA (10C) and 10 cycles at 10 mA (20C), 
20 mA (40C), 30 mA (60C), and 50 mA (100C). The “rate” in parentheses indicates the 
amount of time that current was applied, simulating the rate test. An excerpt of the results 
is shown here from the 5th cycle at C/5 until the end of the test; the test was performed in 
duplicate with the same overpotentials observed in both cells. At low current densities, 
below 1 mA (2C), the overpotential is below 100 mV; however, at 5 mA (10C) the 
overpotential rises to 200 mV and increases to ca. 700 mV at 100C. 
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Figure S12 | Lithium diffusion from 7Li pulsed field gradient nuclear magnetic 
resonance (PFG NMR). The lithium diffusion coefficients of LixNb16W5O55 (x = 6.3, 8.4) 
and LixNb18W16O93 (x = 3.4, 6.8, 10.2) were measured in the temperature range 333–453 
K (Table 1). The filled (85% signal contribution) and empty (15% signal contribution) 
symbols for Li6.3Nb16W5O55 correspond to the observed two-component diffusion (see 
Main Text and Supplementary Text). In most cases, the error bars are smaller than the sizes 
of the points. 
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Figure S13 | Stimulated echo pulsed field gradient sequence. The stimulated echo 
pulsed field gradient sequence used to measure 7Li diffusivities showing both 
radiofrequency (7Li) and magnetic field gradient (Gz) pulses. Here, gradient pulse duration 
(tg) includes the up ramp, time on, and down ramp of the opt composite gradient pulses. 
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Figure S14 | PFG NMR 7Li decay curves. Representative 7Li decay curves showing 
normalized NMR signal intensity as a function of gradient strength for the bronze 
structures a, Li10.2Nb18W16O93 at 453 K, b, Li6.8Nb18W16O93 at 453 K, and block 
structures c, Li3.4Nb18W16O93 at 453 K, d, Li6.3Nb16W5O55 at 353 K, and e, 
Li8.4Nb16W5O55 at 383 K. Black circles represent experimental data points and red lines 
represent (a–c, e) mono- or (d) biexponential fits of the data to the Stejskal–Tanner 
equation.  Biexponential fits to all samples other than Li6.3Nb16W5O55 did not lead to 
improved fits over those obtained with monoexponential fits.  The poor signal-to-noise 
of Li6.3Nb16W5O55, even with greater than 100 mg of electrode sample, did not allow us 
to explore alternative models beyond the mono and biexponential models such as the 
effect of anisotropic diffusion which manifests as only subtle differences in echo 
attenuation.52 
  

Li10.2Nb18W16O93 , T = 453 K Li6.8Nb18W16O93 , T = 453 K 

Li3.4Nb18W16O93 , T = 453 K Li6.3Nb16W5O55 , T = 353 K 

Li8.4Nb16W5O55 , T = 383 K 
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Figure S15 | Galvanostatic intermittent titration technique (GITT). a, Relative changes 
in lithium diffusion as a function of open-circuit voltage (Voc) and b, open-circuit voltage 
vs. closed-circuit voltage (Vcc) from the GITT measurements showing the 
“thermodynamic” electrochemical profiles at C/20 rate with a 12 h rest period at each point, 
reaching a full discharge in approximately one month. In Nb16W5O55, the fastest diffusion 
is observed from the dilute limit to Li4.5(5)Nb16W5O55, dropping by two orders-of-
magnitude in the low voltage window where more than 1 Li+/TM is incorporated. The 
GITT data indicates that the 2nd electrochemical region of Nb16W5O55 is more broad than 
typically observed for a two-phase reaction13 but the observed discontinuity in the DLi×L–2 
values in this region suggests that it is approaching two-phase behavior. The average 
diffusion coefficient in Nb18W16O93 is similar to that of Nb16W5O55. The bronze also 
displays discontinuities at 2.1, 1.85, and 1.7 V. In both phases, the low voltage region – 
below 1.25 V, well over 1 Li+/TM – is characterized by an increasing overpotential and 
suppressed kinetics. 
 

a b 
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Figure S16 | X-ray absorption spectra of Nb16W5O55 at the tungsten L-edges and 
niobium K-edge. Non-normalized spectra show absorption edge jumps of approximately 
0.8 and 0.9 at the W LIII- and Nb K-edges, respectively. The prominent white-line feature 
of the W LIII- and LII-edges corresponds to the dipole-allowed excitation of 2p electrons to 
vacant 5d orbitals. The W LI- and Nb K-edges contain pre-edge features (cf. Figs. S18, S20, 
S21, S23) owing to noncentrosymmetry-enabled mixing of dipole-allowed p-states and 
dipole-forbidden lower energy d-states in addition to the weak quadrupole s to d transitions. 
The absorption edge shifts, pre-edge features, and post-edge modulations are used here to 
probe changes in transition metal oxidation state, local symmetry/oxidation state, and local 
structure/bonding, respectively. 
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Figure S17 | Calibration of X-ray absorption energy and oxidation state. a–b, The Nb 
K-edge was calibrated at E(0.5) for Nb0, NbIIO, LiNbIIIO2, NbIVO2, and H-NbV2O5. c–d, 
The W LII-edge was calibrated at the zero crossing in the second derivative for WIVO2 and 
WVIO3. 
  

a b 

c d 
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Figure S18 | Nb16W5O55 niobium K-edge X-ray absorption spectroscopy. a–b, 
LixNb16W5O55 ex situ (see Fig. S25) XANES and c–d, derivative spectra. e, Operando 
XANES of Nb16W5O55 and 22 discharge spectra, with each successive spectra at ca. +11 
mA·h·g–1 and f, operando derivative spectra (23 spectra shown, 5 colors labeled). The pre- 
and main edge are at ca. 18,991 and 19,004 eV, respectively. Spectra in (b, d) are vertically 
offset by 0.2 and 0.02, respectively, for clarity.  

a b 

c d 

e f 
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Figure S19 | Nb16W5O55 tungsten LII-edge X-ray absorption spectroscopy. a–b, 
LixNb16W5O55 ex situ XANES, c–d, derivative spectra, and e–f, second derivative spectra. 
Spectra in (b, d, f) are vertically offset by 0.5, 0.2, and 0.4, respectively, for clarity. 
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Figure S20 | Nb16W5O55 tungsten LI-edge X-ray absorption spectroscopy. a, 
LixNb16W5O55 ex situ XANES and b, derivative spectra near the W LI absorption edge. The 
pre-edge occurs at ca. 12,104 eV and the main edge at ca. 12,117 eV. Spectra are vertically 
offset by 0.5 in a and by 0.02 in b for clarity. 
  

a b 
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Figure S21 | Nb18W16O93 niobium K-edge X-ray absorption spectroscopy. a–b, 
LixNb18W16O93 ex situ XANES and c–d, derivative spectra. The pre- and main edge are at 
ca. 18,991 and 19,004 eV, respectively. Spectra in (b, d) are vertically offset by 0.2 and 
0.02, respectively, for clarity.  

a b 

c d 
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Figure S22 | Nb18W16O93 tungsten LII-edge X-ray absorption spectroscopy. a–b, 
LixNb18W16O93 ex situ XANES, c–d, derivative spectra, and e–f, second derivative spectra. 
Spectra in (b, d, f) are vertically offset by 0.5, 0.2, and 0.4, respectively, for clarity. 

a b 

c d 

e f 
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Figure S23 | Nb18W16O93 tungsten LI-edge X-ray absorption spectroscopy. a, 
LixNb18W16O93 ex situ XANES and b, derivative spectra near the W LI absorption edge. 
The pre-edge occurs at ca. 12,104 eV and the main edge at ca. 12,117 eV. Spectra are 
vertically offset by 0.25 in b and by 0.02 in d for clarity. 

a b 

c d 



 
 

48 
 

 
 
Figure S24 | Levenberg–Marquardt non-linear least-squares minimization fitting of 
the X-ray absorption pre-edge feature.  Numerical fits of the pre-edge feature were 
performed for every lithiation point of Nb16W5O55 and Nb18W16O93 at both the Nb K-edge 
and W LI-edge. Example fits are shown for Nb18W16O93 at the (a) tungsten LI-edge and (b) 
niobium K-edge for 0, 0.5, 1.0, 1.5, and 2.0 Li+/TM. The data are fit with an edge jump 
using a sigmoidal error function; a Gaussian pre-edge peak; and a small, broad Gaussian 
background before the pre-edge. 

a b 
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Figure S25 | Comparison of electrochemistry on large pure pellets to standard 
composite films. a, Discharge profiles of thick 100–300 mg pellets of pure Nb16W5O55 
prepared for ex situ analysis by cold pressing at 2 MPa. b, Discharge profile of a standard 
8:1:1 Nb16W5O55:superP carbon:PVDF composite film with active mass loading of 2.1 mg 
and a diameter of 1.27 cm. The pure metal oxide pellets were lithiated at  
100–500 µA×cm–2. The black points in b represent the open-circuit voltage of the pellet 
electrodes after ca. 12 h. Despite the significant difference in mass and lack of conductive 
additive or binder in the pellets, no difference is observed in the discharge profile or open-
circuit voltage of the pure pellets relative to the composite film. 
  

a b 
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Figure S26 | Lattice evolution of Nb16W5O55 upon lithiation. Results from Rietveld 
refinement of operando diffraction data, analogous to that of Fig. 4a in terms of the 
absolute lattice parameters. Estimated standard deviation of each parameter from each fit 
is shown. Shading serves as a guide to the eye to distinguish the different structural regions. 
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Figure S27 | Solid-solution structure evolution of Nb16W5O55 at C/2 and 5C. The 
profile evolution of selected reflections is shown at a–c, C/2 and e–f, 5C along with d, h 
the respective electrochemical discharge profiles. (a, e) (604R); (b, f) overlapping (110) and 
(111R); and (c, g) (10 01R) [left] and (609R) [right] with overlapping smaller reflections. The 
evolution in each case commences analogously; as lithiation increases, the structure 
evolution at high-rate becomes inhomogeneous (Fig. S28) and the ac-block contraction is 
not fully realized. 
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Figure S28 | Solid-solution origin of the diffraction peak separation at high-rates in 
Nb16W5O55. Evolution of Nb16W5O55 at a, C/2 and b, 5C. The overlapping (110) and (111R) 
reflections shift smoothly to larger d-spacing (smaller 2q) for the entire sample at C/2 
whereas there is significant intensity across a range of 2q at high rate. This is shown more 
clearly in the inset of b. The range of intensity represents a range of lattice parameters (Fig. 
S32) and an inhomogeneous solid-solution reaction likely resulting from inhomogeneous 
lithium transport and concentration gradients within the electrolyte53,54. Diffraction 
patterns are shown from 0 to ~145 mA×h×g-1, ascending, which corresponds to the full 5C 
discharge and partial C/2 discharge (see Fig. S27).  

a b 
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Figure S29 | Structure reversibility over a full electrochemical lithiation/delithiation 
cycle of Nb16W5O55. a, A full operando synchrotron XRD discharge–charge cycle is 
shown for Nb16W5O55 at b, C/2 with multiredox (de)lithiation. The (14 09R)/(407) [left] and 
(020) [right] reflections are displayed here. The symmetry of discharge and charge is 
apparent, though a small amount of lithium remains in the structure after charging (Fig. 
S30–31, Table S4).  

a b 



 
 

54 
 

 
 
 
Figure S30 | Discharge profiles and dQ/dV curves of Nb16W5O55 and Nb18W16O93 over 
the first five cycles. There is an activation process on the first cycle for a–c, Nb16W5O55 
and d–f, Nb18W16O93, which extends to a much smaller extent in the next several cycles, 
that leads to an increase in the intercalation voltage at the first “plateau-like” feature and a 
broadening of the (b–c, e–f) dQ/dV peaks. The phenomenon is associated with a retention 
of lithium in the structure (Fig. S31, Table S4). It is structure independent, indicating that 
it may have electronic origins. These data were collected at C/5 but the phenomenon is also 
observed at other rates.  
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Figure S31 | Diffraction pattern of Nb16W5O55 before lithiation and after the first 
charge. Data from operando diffraction measurements at C/2 rate. The lattice parameters 
of the pristine and charged structure are given in Table S4. The changes indicate that some 
lithium was retained in the structure after charging the electrode, commensurate with the 
changes from 1st to 2nd cycle electrochemistry (Fig. S30). 
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Figure S32 | Structure evolution of Nb16W5O55 as a function of rate. At high rates, the 
lithiation reaction becomes inhomogeneous (Fig. S28) and cannot be fit to a single set of 
lattice parameters over the whole electrode. The shaded grey area for 5C data corresponds 
to the range of each unit cell parameter. 
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Figure S33 | Lattice parameter evolution of Nb18W16O93 upon lithiation. Results from 
Rietveld refinement of operando diffraction data, analogous to that of Fig. 4b in terms of 
the absolute lattice parameters. Estimated standard deviation of each parameter from each 
fit is included (approximately equivalent to block height). Shading serves as a guide to the 
eye to distinguish the different structural regions. The second stage (two-phase region) 
contains two sets of lattice parameters. 
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Figure S34 | Structure evolution of Nb18W16O93 as a function of rate. The mechanism 
of LixNb18W16O93 lattice evolution does not appear to be strongly rate dependent. The 
reaction extends further at lower rate within the same voltage range due to a smaller 
overpotential. 
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Figure S35 | Double-ended sequential Rietveld refinement of Nb18W16O93. Example 
Rietveld fits to operando diffraction data collected during the lithiation of Nb18W16O93 at 
1C. a, Forward sequential refinement, pattern depicts ca. Li2.9Nb18W16O93 (ca. 13 mA×h×g–

1) and b, reverse sequential refinement, pattern depicts ca. Li43Nb18W16O93 (ca. 189 
mA×h×g–1). Blue crosses are experimental data, green curve is the fit, red curve is the 
background, light blue curve is the difference, vertical blue ticks indicate reflection 
positions of Nb18W16O93. N.b. the peak at 14.9° (prominent in (a)) is the Li metal (011) 
reflection. 
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Figure S36 | Operando X-ray diffraction patterns of Nb18W16O93 from 1C to 10C. The 
profile evolution of selected reflections and the corresponding electrochemical discharge 
profile is shown at a–d, 1C, e–h, 5C, and i–l, 10C. (a, e, i) (040), (b, f, j) overlapped (230) 
and (160), (c, g, k) (001) [left, initially] and overlapped (330) and (190) [right, initially]. 
The evolution in each case is similar in mechanism and differs in the extent of reaction, 
consistent with the electrochemical profiles. 

a b 

e f 

c 

g 

i j k 

d 

h 

l 



 
 

61 
 

 
Figure S37 | Two-phase region of LixNb18W16O93 from x ≈ 6.6–10.2 as a function of 
rate. In the two-phase lithiation process, selected regions of the diffraction pattern at shown 
at a–d, 1C, e–h, 5C, and i–l, 10C. (a, e, i) (040), (b, f, j) overlapped (230) and (160), (c, g, 
k) (001) [left, initially] and overlapped (330) and (190) [right, initially]. (d, h, l) The arrows 
from the electrochemical discharge profiles correspond to the first and last diffraction 
patterns collected in the two-phase region (ca. 29–45 mA×h×g–1) as indicated. Metastable 
intermediates that can occur at high-rates in two-phase systems such as LiFePO4 would be 
difficult to distinguish in this system due to the small compositional and structural changes 
that are associated with the two phase reaction. 
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Figure S38 | Formation of block and bronze structures from a perovskite/ReO3-like 
framework. a, Block structures are produced by two (nearly) orthogonal crystallographic 
shear operations. b, Bronze frameworks form via the rotation of the circled, bold octahedra 
by 45°. The circles in (b) indicate four- and five-sided tunnels; some of the five-sided 
tunnels are occupied by –W–O– chains in Nb18W16O93, giving rise to pentagonal tunnels. 
Reproduced with permission of Elsevier41 and the International Union of 
Crystallography55.  
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Figure S39 | Prospective lithium positions and pathways. Bond valence sum (BVS) 
maps of a, Nb16W5O55 and b, Nb18W16O93 show stable lithium positions and pathways 
according to bond valence energy landscape (BVEL) calculations performed in 
3DBVSMAPPER56. Calculations were performed over a fine grid with 149 × 20 × 116 
points computed for Nb16W5O55 and 61 × 184 × 20 points computed for Nb18W16O93 along 
their respective crystallographic axes. Isosurface levels are shown at “2.0 eV”, which is a 
parameter used to visualize ionic pathways and not a quantitative estimation. BVS and 
BVEL provide an indication of lithium positions and diffusion pathways in complex and/or 
novel systems and have shown good agreement with experimental and computational 
investigations of structure and dynamics56–58. c–d, Possible intrablock lithium positions for 
Nb16W5O55 based on LixReO3 in the low lithium regime (x < 0.35) before it undergoes 
intercalant-induced distortion. 
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Figure S40 | Discharge and charge profiles of ternary vs. binary block-type and 
bronze-type Nb-containing oxides. Block phases Nb16W5O55 and H-Nb2O5 are compared 
on the basis of a, Li+/TM and b, gravimetric capacity on the third cycle at C/5. Bronze 
phases Nb18W16O93 and T-Nb2O5 are compared on the basis of c, Li+/TM and d, gravimetric 
capacity on the third cycle at C/5. 
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Figure S41 | Theoretical volumetric capacity. Theoretical volumetric capacity assuming 
a reaction of one electron per transition metal* and crystallographic (single crystal) 
densities. *The capacity for Li4Ti5O12 is shown for the well-established reaction to 
Li7Ti5O12; the capacity of graphite is based on the reaction of one electron per C6 unit.  
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Table S1. Operando diffraction data collection conditions. 
 

Structure Rate Time per 
subframe (s) 

Subframes 
integrated 

Time per  
diffraction image (s) 

Li composition range 
per diffraction image 

Nb16W5O55 C/2 0.5 30 15 0.002 
 5C 1 7 7 0.010 
Nb18W16O93 1C 0.5 30 15 0.004 
 5C 1 7 7 0.010 
 10C 1 7 7 0.019 
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Table S2. Lithium diffusion coefficients of lithium-ion battery electrode materials, 
solid electrolytes, liquid electrolytes, and reference compounds. 
 

Compound Structure 
Type 

DLi (m2×s-1) T (K) Technique Reference 

Li6.3Nb16W5O55 Block, cs 2.1×10–12 / 
1.7×10–13 

298 PFG NMR 
(extrapolated) 

This work 

Li6.3Nb16W5O55 Block, cs 2.7×10–11 / 
5.2×10–13 

413 PFG NMR This work 

Li8.4Nb16W5O55 Block, cs 1.6×10–13 298 PFG NMR 
(extrapolated) 

This work 

Li8.4Nb16W5O55 Block, cs 6.5×10–13 403 PFG NMR This work 

Li3.4Nb18W16O93 Bronze-like 1.1×10-13 298 PFG NMR 
(extrapolated) 

This work 

Li3.4Nb18W16O93 Bronze-like 2.0×10–12 413 PFG NMR This work 

Li6.8Nb18W16O93 Bronze-like 1.1×10-13 298 PFG NMR 
(extrapolated) 

This work 

Li6.8Nb18W16O93 Bronze-like 1.8×10–12 413 PFG NMR This work 

Li10.2Nb18W16O93 Bronze-like 1.1×10-13 298 PFG NMR 
(extrapolated) 

This work 

Li10.2Nb18W16O93 Bronze-like 2.7×10–12 413 PFG NMR This work 

Li10GeP2S12 Thio-
LISICON 

2×10–12 298 PFG NMR 38 

Li10GeP2S12 Thio-
LISICON 

4×10–11 453 PFG NMR 38 

Li7GePS8 Thio-
LISICON 

2×10–12 298 PFG NMR 38 

Li7GePS8 Thio-
LISICON 

4×10–11 453 PFG NMR 38 

Li10SnP2S12 Thio-
LISICON 

1.4×10–12 298 PFG NMR 59,60 

Li10SnP2S12 Thio-
LISICON 

4×10–11 453 PFG NMR 59 

Li11Si2PS12 Thio-
LISICON 

3.5×10–12 298 PFG NMR 59 

Li11Si2PS12 Thio-
LISICON 

4×10–11 453 PFG NMR 59 

Li7P3S11 Thio-
LISICON 

1–5×10–12 303 PFG NMR 61 
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Li7P3S11 Thio-
LISICON 

2–11×10–12 353 PFG NMR 61 

b-Li3PS4 Thio-
LISICON 

5.4×10–13 373 PFG NMR 62 

amorphous-Li3PS4 Amorphous 
(Thio-
LISICON) 

6.5×10–13 303 PFG NMR 63 

amorphous-Li3PS4 Amorphous 
(Thio-
LISICON) 

1.6–3.4×10–12 353 PFG NMR 63 

Li0.6[Li0.2Sn0.8S2] Layered (O1) 2–20×10–12 298 PFG NMR 64 

Li0.6[Li0.2Sn0.8S2] Layered (O1) 2.6×10–10 407 PFG NMR 64 

Li3.4V0.6Si0.4O4 LISICON 5×10–15 333 tracer 65 

0.25 M LiCl (aq.) Solution 9.6×10–10 298 PFG NMR 66 

1.0 M LiPF6 in PC Liquid 
electrolyte 

8.3×10–11 298 PFG NMR 67 

1.0 M LiPF6 in EC Liquid 
electrolyte 

9.9×10–11 298 PFG NMR 67 

1.0 M LiPF6 in 
DEC 

Liquid 
electrolyte 

2.5×10–10 298 PFG NMR 67 

Lithium b-alumina 
(ab plane) 

b-alumina 1.2×10–11 298 PFG NMR 68 

Lithium b-alumina 
(c-axis) 

b-alumina 6.4×10–13 333 PFG NMR 68 

Li3N Li3N 1.4×10–10 534 PFG NMR 52 

Li1.5Al0.5Ge1.5(PO4)3 NASICON 2.9×10–13 311 PFG NMR 69 

Li1.2Al0.2Ti1.8 (PO4)3 NASICON 1.5×10–12 250 NMR 
relaxometry + 
PFG NMR 

70 

Li6.6La3Zr1.6Ta0.4O12 Garnet 3.5×10–13 353 PFG NMR 71 

Li7La3Zr2O12 Garnet 1.8×10–18 298 NMR 
relaxometry 

72 

Li7La3Zr2O12 Garnet 1.3×10–17 325 NMR 
relaxometry 

72 

Li7La3Zr2O12 Garnet 3.3×10–14 530 NMR 
relaxometry 

72 

Graphite (Stage I) Graphite 1–2×10–15 298 NMR 
relaxometry 

73 
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Li metal bcc 5×10–15 298 PFG NMR 
(extrapolated) 

74 

Li metal bcc 1×10–12 400 PFG NMR 74 

Li4Ti5O12 Spinel 3.2×10–15 298 µ+-SR 75,76 

Li5.7Ti5O12 Spinel 2.7×10–16 298 NMR 
relaxometry 

77 

LiTi2O4 Spinel 3.6×10–15 298 µ+-SR 75 

b-Li2TiO3 Li2SnO3 2×10–17 433 NMR 
relaxometry 

78 

LixTiO2 (x = 0.12) 
micro 

Anatase 
component 

4.7×10–16 293 NMR 
relaxometry 

79 

LixTiO2 (x = 0.12) 
micro 

Li-titanate 
component 

1.3×10–15 293 NMR 
relaxometry 

79 

LixTiO2 (x = 0.06) 
nano 

Anatase 
component 

1.9×10–16 293 NMR 
relaxometry 

80 

LixTiO2 (x = 0.06) 
nano 

Li-titanate 
component 

5.7×10–16 293 NMR 
relaxometry 

80 

LixTiO2 (x = 0.12) 
nano 

Anatase 
component 

1.1×10–16 293 NMR 
relaxometry 

80 

LixTiO2 (x = 0.12) 
nano 

Li-titanate 
component 

1.8×10–16 293 NMR 
relaxometry 

80 

LixTiO2 (x = 0.12) 
nano 

Li-titanate 
component 

4.9×10–16 413 NMR 
relaxometry 

80 

Li0.55TiO2 nano Li-titanate 1.7×10–16 293 NMR 
relaxometry 

80 

Li0.55TiO2 nano Li-titanate 4.6×10–16 413 NMR 
relaxometry 

80 

LiFePO4 Olivine 1–6×10–20 300 DFT/Tracer 81,82 

LiMn2O4 Spinel 1×10–20 350 NMR 
relaxometry 

83 

LiMn2O4 Spinel 1.8×10–16 623 Tracer 84 

LiNbO3 LiNbO3 7.5×10–15 890 NMR 
relaxometry 

85 

Li3NbO4 Li3NbO4 4×10–21 353 NMR 
relaxometry 

86 

Li3NbO4 Li3NbO4 1×10–16 553 NMR 
relaxometry 

86 

Battery electrode materials are not typically amenable to the direct measurement of lithium diffusion via PFG 
NMR due to rapid paramagnetic (T1 and T2) relaxation and slow diffusion. The weak paramagnetism (as 
indicated by small NMR shift) and ultrafast diffusion enabled PFG NMR measurement of block phase 
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Nb16W5O55 and bronze-like phase Nb18W16O93, but only at slightly elevated temperature where the T2 
relaxation time was increased. Room temperature DLi values were calculated by extrapolating from the 
elevated temperature data assuming Arrhenius behavior. Less direct lithium diffusion measurements from 
NMR relaxometry are included here for several anode materials where diffusion is too slow to be measured 
by PFG NMR.87 Abbreviations: cs = crystallographic shear, LISICON = lithium superionic conductor, 
NASICON = sodium superionic conductor, O1 = layered structure with octahedral lithium and single layer 
repeat stacking of TM layers, PC = propylene carbonate, EC = ethylene carbonate, DEC = diethyl carbonate, 
PFG NMR = pulsed field gradient nuclear magnetic resonance, bcc = body-centered cubic, µ+-SR = muon 
spin resonance, DFT = density functional theory.  
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Table S3. Characteristic diffusion lengths as a function of time and diffusion 
coefficient. 

Three-dimensional characteristic diffusion length (l) of lithium as a function of diffusion coefficient (DLi) 
and electrochemical discharge/charge C-rate – given in seconds (t) in parentheses – from the Einstein–
Smoluchowski relation for three-dimensional diffusion (DLi = l2×(6t)-1).  

 Diffusion Length (µm) 

DLi (m2×s-1) 1C (3600 s) 20C (180 s) 60C (60 s) 
1.0×10–12 150 33 19 
1.0×10–13 46 10 6.0 
1.0×10–14 15 3.3 1.9 
1.0×10–15 4.6 1.0 0.60 
1.0×10–16 1.5 0.33 0.19 
1.0×10–17 0.46 0.10 0.06 
1.0×10–18 0.15 0.033 0.019 
1.0×10–19 0.046 0.010 0.0060 
1.0×10–20 0.015 0.0033 0.0019 
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Table S4. Lattice parameters of Nb16W5O55 before cycling and after the first full 
discharge–charge cycle. 
 

State of 
charge 

a (Å) b (Å) c (Å) b (º) Block area 
(Å2) 

Volume 
(Å3) 

Pristine 29.657(4) 3.8225(3) 23.106(4) 126.50(1) 550.8(1) 2105.5(2) 

After 1st 
charge 

29.708(4) 3.8313(3) 23.140(4) 126.51(1) 552.6(1) 2117.0(2) 

Change +0.17% +0.23% +0.15% +0.01% +0.31% +0.54% 

The increased unit cell parameters indicate that some lithium was retained in the structure after charging the 
electrode.  
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Table S5. Calculation of volumetric charge density. 
 

Material Tap Density 
(g×cm-3)a,b,c 

Carbon 
content 
(% mass) 

Gravimetric 
Capacity at 
low (specified) 
rate (mA×h×g-1) 

Gravimetric 
Capacity at 1C 
(mA×h×g-1) 

Gravimetric 
Capacity at 20C 
(mA×h×g-1) 

Nb16W5O55 (3–10 µm) 
[this work] 

2.61a 10 240 (C/5) 210 150 

Nb18W16O93 (3–10 
µm) [this work] 

2.67a 10 220 (C/5) 190 150 

rutile TiO2 (10–40 nm 
NPs)88 

0.25b,89  20 175 (C/20) 130 75 

rutile TiO2 (15 nm 
NPs)90 

0.15b,c 43 210 (C/7) 180 150 

rutile TiO2 (30 nm 
NPs)90 

0.25b 43 130 (C/7) 120 105 

rutile TiO2 (300 nm)90 1.65b 43 50 (C/7) 45 30 
rutile TiO2 (500 nm)88 1.65b 20 70 (C/20) - - 
rutile TiO2 (20 µm)88 2.0b,c 20 30 (C/20) - - 
anatase TiO2 (6 nm 
NPs)91 

0.15b 45 235 (C/3) 220 185 

anatase TiO2 (15 nm 
NPs)91 

0.22b 45 210 (C/3) 190 135 

anatase TiO2 (15–30 
nm NPs)92 

0.32b,c 15 190 (C/10) 145 50 

anatase TiO2 (30 nm 
NPs)91 

0.42b 45 205 (C/3) 175 120 

anatase TiO2 (200 nm 
NPs)93 

0.8b,c 18 150 (C/7) - - 

TiO2(B) (200 nm 
NPs)93 

0.8b,c 18 175 (C/7) - - 

TiO2(B) (200 nm 
NWs)93 

0.8b,c 18 215 (C/7) 175 50d 

TiO2(B) (6 nm à 1 
µm, 12 nm pores)92 

0.8c 15 250 (C/10) 220 140 

TiO2(B) (6 nm NWs)94 0.15b,c 24 175 (C/3) 125 - 
TiO2(B) (6 nm NWs, 
pressed at 8 kbar)94 

0.15b,c 24 185 (C/3) 145 <50 

TiO2(B) (6 nm NWs)94 0.15b,c 50 200 (C/3) 175 <100 
TiO2(B) (5 nm 
NTs/rGO, 
homogeneous)95 

0.33a,b 5.4 268 (C/2) 242 74 

TiO2(B) (5 nm 
NTs/rGO, graded 
electrode)95 

0.33a,b 5.4 268 (C/2) 244 128 

TiO2(B) (2 nm NSs)96 0.15b,c 20 - 220 100 
TiO2(B) (2 nm NSs à 
NTs)96 

0.15b,c 20 - 230 130 

Li4Ti5O12 (20–50 nm 
NPs à µm porous 
flakes)97 

0.8c 15 160 (C/2) 150 130 

Li4Ti5O12 (µm 
particles)97 

1.31b,c 15 125 (C/2) 120 40 
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Li4Ti5O12 (50 nm à 
500 nm)98 

1.2b 10 175 (C/10) 170 141 

Li4Ti5O12 (100 nm 
NPs)99 

0.33a 10 - 181 141 

Li4Ti5O12 (µm 
particles)99 

1.31b,c 10 - 174 63 

Li4Ti5O12 (4–8 nm à 
1 µm)100 

0.15c 25 200 (C/2) 170d 160 

Li4Ti5O12 (100 nm à 
1 µm)101 

0.87 10 135 (C/2) 55 <20 

Li4Ti5O12/C (100 nm 
à 1 µm)101 

0.90b 11 160 (C/2) 145 <50 

Li4Ti5O12/C (100 nm 
à 1 µm)101 

1.02b 13 165 (C/2) 155 <50 

Li4Ti5O12/C (100 nm 
à 1 µm)101 

1.31b 15 165 (C/2) 165 <100 

T-Nb2O5 (5 nm à 1 
µm, urchin-shape)102 

0.9c 10 - 175 100 

T-Nb2O5 (50 nm 
NSs)103 

0.50c 10 - 160 <90 

T-Nb2O5 (35 nm 
NPs)104,105 

0.50c 10 - 145 125 

T-Nb2O5 (20 nm 
NWs)106 

0.50c 10 170 (C/4) 75 30 

T-Nb2O5/CNT (20 nm 
NWs)106 

0.50c 14 190 (C/4) 155 60 

T-Nb2O5/holey-
graphene foam (10–15 
nm, pressed)107 

1.54b 15 - 185 130 

T-Nb2O5/rGO (15 
nm)108 

0.38b 10 - 165 120 

T-Nb2O5/rGO/CDC 
(15 nm)108 

0.25b 42 - 115 80 

Graphite (6 µm)109 0.37a 20 370 (C/24) 280 - 
Graphite (15 µm)109 0.50c 20 330 (C/24) 90 - 
Graphite (44 µm)109 0.72a 20 340 (C/24) 80 - 
Graphite(6–44 µm)110 0.50c 10 380 (C/10) 50 <<50 
Graphite (6–44 µm, 
magnetically 
aligned)110 

0.50c 10 380 (C/10) 160 <<50 

Hard carbon (nano-
graphite domains)111 

0.25c 6 - 335 <<150 

LiFePO4/C (10 nm–1 
µm NPs)112 

1.32b 12 155 (C/2) 125 15 

LiFePO4/N-doped 
graphene aerogel (30–
200 nm NPs)112 

0.93b 22 155 (C/2) 150 110 

LiFePO4/C (30 nm 
NSs)113 

1.4b 17 150 (C/2) 140 90 

LiFePO4/C (30 nm 
NSs with CNTs)113 

1.4b 17 170 (C/2) 160 90 

LiFePO4/C (100–200 
nm NPs)114 1.05b 14 

145 (C/10) 
125 

- 
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LiFePO4/C (100–200 
nm NPs)114 1.05 b 10.5 

145 (C/10) 
120 

- 

LiFePO4/C (100–200 
nm NPs)114 1.05 b 9.6 

145 (C/10) 
115 

- 

LiFePO4/C (100–200 
nm NPs)114 1.4b 7.9 

135 (C/10) 
100 

- 

LiFePO4/C (100–200 
nm NPs)114 1.7b 7.4 

125 (C/10) 
85 

- 

LiFePO4/C (100–200 
nm NPs)114 1.85 b 7 

95 (C/10) 
60 

- 

Volumetric charge density as a function of rate is given by the product of tap density and rate-dependent 
gravimetric capacity. In this table, the measured/reported/estimated tap density refers to the particles or 
carbon-coated particles and does not include conductive carbon added in the composite electrode 
formulation. Total carbon content is reported in the table as the sum of the carbon-coating (typically ~2–5%) 
and conductive carbon additive (N.b. for graphite/hard carbon electrodes this column indicates the carbon 
additive percentage only). The oxides in this work were not carbon coated; 10% SuperP carbon was used in 
the composite electrodes. On the basis of electrode formulation, rather than tap density, the volumetric 
capacities of the niobium–tungsten oxides are approximately equivalent with composite electrode densities 
calculated by multiplying the electrode thickness by the mass loading (Fig. S8). The areal coverages, where 
reported, of the active materials in the table were typically 1–2 mg×cm-2. Abbreviations: NPs = nanoparticles, 
NWs = nanowires (diameter denoted), NTs = nanotubes (diameter denoted), NSs = nanosheets (thickness 
denoted), CNTs = carbon nanotubes, an arrow indicates a hierarchical structure denoted as size of individual 
crystallites à size of overall particle with pore size listed, “/C” = carbon-coated, rGO = reduced graphene 
oxide, CDC = carbide-derived carbon. 
a = measured according to the described procedure (vide supra) 
b = reported 
c = estimated on the basis of other measured and reported values 
d = estimated/extrapolated from given rates  
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