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A partially disordered crystallographic shear
block structure as fast-charging negative
electrode material for lithium-ion batteries

Yanchen Liu 1, Ana Guilherme Buzanich 2, Luciano A. Montoro3, Hao Liu4,
Ye Liu1, Franziska Emmerling 2, Patrícia A. Russo 1 & Nicola Pinna 1

A well-ordered crystalline structure is crucial in battery electrodes, as the
dimensionality and connectivity of the interstitial sites inherently influence Li+

ions diffusion kinetics. Niobium tungsten oxides block structures, composed
of ReO3-type blocks of specific sizes with well-defined metal sites, are pro-
mising fast-charging negative electrode materials. Structural disorder is gen-
erally detrimental to conductivity or ion transport. However, here, we report
an anomalous partially disordered Nb12WO33 structure that significantly
enhances Li-ion storage performance compared to the known monoclinic
Nb12WO33 phase. The partially disordered phase consists of corner-shared
NbO6 octahedra blocks of varied sizes, including 5×4, 4×4, and 4×3, with a
disordered arrangement of distorted WO4 tetrahedra at the corners of the
blocks. This structural arrangement is robust during lithiation/delithiation,
exhibitingminor local structure changes during cycling. It enables accelerated
Li-ion migration, resulting in promising fast-charging performance, namely,
62.5 % and 44.7 % capacity retention at 20C and 80C, respectively. This study
highlights the benefits of introducing disorder into niobium tungsten oxide
shear structures, through the establishment of clear structure-performance
correlations, offering guidelines for designing materials with targeted
properties.

Rechargeable Li-ion batteries have been widely applied as energy
storage systems in portable electronics and electric vehicles1. The
rapidly increasing demand for vehicles necessitates the development
of fast-charging electrode materials that prioritize high safety stan-
dards.Negative electrodematerials play a key role in governing the ion
kinetics in the storage systems2. In practical applications, commercial
graphite, which operates at low potential (~100mVvs. Li+/Li), is limited
for high-rate usage due to the formation of a passivating solid-
electrolyte interphase (SEI), and thus by sluggish ion insertion kinetics

and risk of Li dendrite formation caused by increased overpotential at
high current density3,4.

Recently, niobium tungsten oxides with crystallographic shear
structure have shown promise as negative electrode materials with
fast-charging properties owing to their moderate working potentials,
open frameworks that are suited for rapid Li+ diffusion, and multi-
electron redox reactions5–7. Crystallographic shearblock structures are
made by the assembly of ReO3-type blocks of corner-shared octahedra
with specific sizes, which are joined together via edge-shared
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octahedra. Some of those structures additionally contain metal tetra-
hedral sites joining the blocks8–10. These compounds generally present
high crystallinity, as their formation takes place at relatively high
temperatures (>700 °C). For instance, Nb12WO33 (m-Nb12WO33) has
monoclinic structure that consists of 3 × 4ReO3-type blocks connected
by edge-sharing octahedra, as well as tetrahedra at the corners of the
blocks. Its structure allows for high Li-ion kinetics, but still remains
insufficient to meet the high-rate requirements for practical
applications7,11,12. Approaches to further improve the Li insertion-
deinsertion kinetics include nanostructure engineering, such as the
reduction of particle size or the introduction of porosity. These
methods were found to be an effective way to facilitate Li-ion mobility
in the niobium tungsten oxides Nb14W3O44 and Nb12WO33

13–16. How-
ever, they reduce thematerial’s tapdensity, thereby compromising the
volumetric energy density. In recent years, exploring the potential of
modifications at the atomic level in oxides, such as introducing dis-
order in the occupationof the crystallographic sites by the cations, has
emerged as an effective method to regulate the intrinsic properties,
such as long-range ionic conductivity, and thus enhancing the overall
performance of a material17–20.

In this work, we propose the strategy of introducing disorder into
a niobium tungsten oxide block structure for producing an improved
negative electrode material with fast-charging properties for Li-ion
batteries. By controlling the synthesis conditions, a partially

disordered Nb12WO33 phase (dt-Nb12WO33) can be obtained, whose
structure is ordered along the c axis whereas the presence of little
ordered shear blocks in a variety of sizes along ab plane, including
5 × 4, 4 × 4, and 4 × 3, causes a little ordered arrangement of the
tungsten tetrahedra at the cornersof the blocks, aswell as distortionof
the WO4 tetrahedra. Benefiting from the inherent flexibility of the
partially disordered structural arrangement with local distortion, the
local structure of dt-Nb12WO33 was found to experience only slight
alterations during Li-ion insertion compared to that of m-Nb12WO33.
Structural disruptions that occur in m-Nb12WO33 are mitigated in dt-
Nb12WO33, which is able to maintain its overall structural integrity. In
addition, the partially disordered structure ensures the presence of
optimized channels for Li-ion transport during lithiation and delithia-
tion, enhancing the rate performance.

Results
Structure of the partially disordered Nb12WO33

m-Nb12WO33 and dt-Nb12WO33 were synthesized via a solvothermal
method, followed by thermal treatment in air at 1100 °C and 900 °C,
respectively. The X-ray diffraction (XRD) pattern of m-Nb12WO33

(Fig. 1a and Supplementary Fig. 1) can be indexed to the known
monoclinic (C2) phase of Nb12WO33, whose structure was first deter-
mined by Roth andWadsley in 1965, and the only phase reported so far
for the Nb2O5:WO3 ratio of 6:1 in block structures of niobium tungsten

Fig. 1 | Structural characterization ofm-Nb12WO33 and dt-Nb12WO33. a XRD
patterns ofm-Nb12WO33 and dt-Nb12WO33. b Schematic illustration of the structure
form-Nb12WO33 and dt-Nb12WO33; blue and green squares represent the octahedral
sites, while orange squares denote tetrahedral sites (blue and green blocks are
offset by 1/2 b form-Nb12WO33 and 1/2 c for dt-Nb12WO33). Nb K-edge (c) andW LIII-
edge (d) XANES spectra ofm-Nb12WO33 anddt-Nb12WO33. e Fitting of theNbK-edge
first and second coordination shells in the FT-EXAFS spectra ofm-Nb12WO33 and dt-

Nb12WO33. f Fitting of the W LIII-edge first coordination shell in the FT-EXAFS
spectra ofm-Nb12WO33 and dt-Nb12WO33; α represents the phase shift between the
apparent and actual atomic distances. g PDF pattern of m-Nb12WO33 and dt-
Nb12WO33. h Schematic illustration of type I and VI cavities viewed along the c axis;
blue, orange and pink spheres represent Nb, W and O atoms, respectively; the
atomic pairs Nb–Nb (blue) andW–Nb (red) in the PDF pattern in g are represented
by blue and red lines, respectively, in the schematic structure in (h).
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oxides21. The structure consists of ReO3-type blocks of corner-sharing
octahedra of size 3 × 4. These blocks are connected to each other by
edge-sharing, with tetrahedral sites located between the individual
blocks. X-ray diffraction studies by Roth and Wadsley21 and Density
FunctionalTheory (DFT) calculations reportedbyKoçer et al.10 suggest
that tungsten strongly prefers to occupy the tetrahedral sites at the
corners of the blocks. On the other hand, Cheetham and Allen22 also
found a strong preferenceof the tungsten for the octahedral site at the
center of the blocks in Nb14W3O44 using neutron diffraction data. To
determine the structure ofm-Nb12WO33, we synthesized larger crystals
(6–19μm in length) (Supplementary Fig. 2) than those obtained via the
solvothermal method (1–3μm) and performed single-crystal XRD
measurements. The crystallographic parameters obtained from the
structure refinement are listed in Supplementary Table 1. The results,
with a R factor of 3.83%, gave the lattice parameters a = 22.3002(15) Å,
b = 3.8279(2) Å, c = 17.7490(12) Å and β = 123.338°. According to the
refinement data in Table S1, the tungsten atoms show a preference for
the tetrahedral sites at the corners of the blocks. We have tried to
replace the Nb1 site at the center of the blocks with a small percentage
of tungsten atoms, but the refinement was not stable. However, very
recently, Cardon et al.23 have prepared high-quality centimeter-sized
m-Nb12WO33 crystals for structure determination. The structural
refinement, with an R factor of 3.62%, identified a higher symmetry
space group (I2/m) than previously reported (C2/m). Roth and
Wadsley21 reported 100% Nb occupancy of the octahedral sites and
100% W occupancy of the tetrahedral sites. The results of Cardon
et al.23 show that tungsten has a strong preference for the tetrahedral
sites,with a similar overall distribution ofWandNb as that obtainedby
Roth and Wadsley, except for the octahedral site located at the center
of the blocks, for which the refinement indicates a 7% W occupancy.
Therefore, tungsten mainly occupies the tetrahedral sites in m-
Nb12WO33, with a small percentage additionally occupying the octa-
hedral site at the center of the blocks. The same authors also found
that, while the tetrahedral sites should be exclusively occupied byW in
Nb14W3O44, tungsten also has a relatively strong preference for the
octahedral site at the center of the blocks, with a 26% W occupancy.
Aberration-corrected scanning transmission electronmicroscopy (AC-
STEM) imaging (Supplementary Fig. 3) shows the atomic arrangement
of the niobium and tungsten in m-Nb12WO33 according to the above
description. The bright spots correspond to the metals, with the
brightest ones arising from the W atoms due to its higher Z-contrast.
The metal atoms are seen arranged periodically according to the
monoclinic lattice cell, with the tungsten atoms located mainly at the
corners of the blocks, and shear planes seen along the structure.

The diffractogram of dt-Nb12WO33 (Fig. 1a) reveals a crystalline
phase for theNb12WO33 block structure, whichhas not been previously
reported. The pattern is consistent with a tetragonal structure (space
group I4/mmm) similar to that of M-Nb2O5

24,25. Inductively coupled
plasma-optical emission spectroscopy (ICP-OES) analysis confirms that
the metal compositions of both compounds are around 12Nb:1W,
consistent with the formula Nb12WO33 (Supplementary Table 2).
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images (Supplementary Figs. 4 and 5) show that the
particle size of dt-Nb12WO33 ranges from200 to 500nm,while those of
m-Nb12WO33 are in the range of 1–3μm due to its higher synthesis
temperature. The high-resolution TEM (HR-TEM) image of dt-
Nb12WO33 in Supplementary Fig. 5e shows lattice fringeswith a spacing
of 0.28 nm,matching the d-spacing of the (501) planes of dt-Nb12WO33.
The (260), (442), and (2–22) planes in the selected area electron dif-
fraction (SAED) pattern of dt-Nb12WO33 are typically observed in the
diffraction pattern of a tetragonal (I4/mmm) structure. The lattice
fringes with a spacing of 0.36 nm observed in Supplementary Fig. 5b
correspond to the (203) planes of the monoclinic structure of m-
Nb12WO33, which is further confirmed through the SAED pattern. The
uniform element distribution in the energy dispersive X-ray

spectroscopy (EDS)maps reflects the homogeneity in the composition
of the particles of bothm-Nb12WO33 and dt-Nb12WO33 (Supplementary
Figs. 5 and 6).

The oxidation state and local structure of the metals in the nio-
bium tungsten oxides were probed by X-ray absorption spectroscopy.
The Nb K-edge X-ray absorption near-edge structure (XANES) spec-
trum of dt-Nb12WO33 is identical to those of m-Nb12WO33 and Nb2O5,
including the position of the edge, indicating that the oxidation state
of niobium is 5+ (Fig. 1c). The niobium is octahedrally coordinated. The
small pre-edge feature centered at ca. 18,980 eV indicates, however, a
loss of symmetry from the perfect octahedral symmetry. Distortion of
the octahedra, which arises partially from the second-order
Jahn–Teller effect associated with the d0 electron configuration of
the Nb5+ cations, leads to p–d orbital mixing and consequently to the
dipole-forbidden s–d transition responsible for the appearance of the
pre-edge peak26,27. The white line in the W LIII-edge on the XANES
spectra (Fig. 1d) corresponds to electron transitions from the 2p3/2
core level to quasi-bound 5d(W) + 2p(O)mixed states28. The position of
the edge is influenced by the oxidation state of themetal and suggests
that tungsten is in the oxidation state 6+ in both m-Nb12WO33 and dt-
Nb12WO33, as in WO3. The edge is caused mainly by 2p→5d electron
transitions. In addition to the oxidation state, the coordination envir-
onment, including local disorder, also affects the intensity and shape
of the white line, due to its effect on the density of states and dis-
tribution of unoccupied d states. The splitting of the 5d orbitals of the
metal by the ligand field results in the splitting of the edge and can
provide insights into the 5d electronic states and thus the coordination
environment of themetal29–31. Themagnitude of the ligand field split is
highest for cations in an octahedral field, followed by cations in a
distorted octahedral environment, and lowest for cations in tetra-
hedral coordination. Therefore, it hasbeen reported that thewhite line
for tungsten in octahedral coordination exhibits two peaks, while only
one broad peak with an indistinct maximum is observed for W species
in a distorted octahedral environment. Tungsten in tetrahedral sym-
metry led to one sharp asymmetrical peak31. The second derivative of
theW LIII-edge XANES spectra allows a clearer visualization of the edge
splitting. The second derivative of the m-Nb12WO33 and dt-Nb12WO33

spectra (Supplementary Fig. 7) shows only one peak, suggesting that
tungsten mainly occupies the tetrahedral sites of these materials,
contrasting with the clearer splitting observed for WO3, in which
tungsten is exclusively in octahedral coordination. The spectrumofm-
Nb12WO33 shows a post-edge feature, which is typically found in the
spectra of materials with regular WO4 tetrahedra, and is almost absent
from the dt-Nb12WO33 spectrum31,32. In addition, the intensity of the
edge is lower for dt-Nb12WO33 compared to m-Nb12WO33, which is
indicative of distortion in the former. This is because less distortion in
the coordination environment around the tungsten tends to increase
the overlap betweenW d-orbitals and O p-orbitals, which can raise the
intensity of the white line due to increased electron density at the
metal. Thus, the results suggest that theWO4 andWO6 polyhedra in dt-
Nb12WO33 are more distorted.

Fitting of the extended X-ray absorption fine structure (EXAFS)
spectra provided additional insights about the local structure of Nb
andW inm-Nb12WO33 and dt-Nb12WO33. TheNbK-edge andWLIII-edge
Fourier transformEXAFS spectraof thematerials are shown inFig. 1e, f,
and the corresponding fitting results are listed in Supplementary
Tables 3–6. The bond distances for the first Nb‒O coordination shell
are similar inm-Nb12WO33 and dt-Nb12WO33, and the same is found for
theW‒Ofirst coordination shell. However, the coordination number of
Nb andW in thefirst shell is smaller fordt-Nb12WO33, in agreementwith
the lower peak intensity of the first shell, which suggests a more dis-
ordered structure.

In the Raman spectra of m-Nb12WO33 and dt-Nb12WO33 (Supple-
mentary Fig. 8), the three bands at 266, 629, and 992 cm−1 are ascribed
to the bending modes of Nb–O–Nb linkages, stretching modes of
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NbO6 octahedra, and symmetrical Nb‒O stretching vibrations of the
NbO6 edge-shared octahedra33. The band at 914 cm−1 in m-Nb12WO33

could be assigned to the symmetric stretching vibrations of W‒O
bonds in WO4, whereas a weak intensity band is observed for dt-
Nb12WO33, suggesting distortion of the WO4 tetrahedra

34,35.
AC-STEM images of dt-Nb12WO33 viewed along the [001] zone axis

are shown in Fig. 2. Contrary to what is observed form-Nb12WO33, the
brighter spots (somedelimitedby circles in image a), corresponding to
tungsten atoms in tetrahedral coordination, are heterogeneously dis-
tributed, reflecting the partially disordered nature of the structure.
The WO4 tetrahedra are found at the blocks’ junctions. Figure 1b dis-
plays a schematic illustration of the structure of dt-Nb12WO33.Whilem-
Nb12WO33 consists of 4 × 3 blocks of corner-shared octahedra, the
structure of dt-Nb12WO33 contains blocks in a variety of sizes, such as
4 × 4, 4 × 3, 5 × 3, 6 × 3, 5 × 4, and 3 × 3, thus resulting in the non-
uniform distribution of the WO4 (Supplementary Fig. 9). A similar
variation in block size has been reported several decades ago for
M-Nb2O5 stabilized withWO3

36. The delimited regions I and II in Fig. 2b
are shown in Fig. 2c and Fig. 2d, respectively. The intensity line profile
corresponding to the region selected in Fig. 2c (Fig. 2e) shows the
variation in the distances between W in tetrahedral sites and neigh-
boring Nb atoms (higher intensity peaks correspond toW). TheW–Nb
distances around the tetrahedral site show a variation between 4.14 Å
and 4.62 Å, which further supports the existence of tetrahedral dis-
torted sites in the dt-Nb12WO33 structure. In addition, the intensity line
profile from the region delimited in Fig. 2d shows the variation in the
Nb–Nb distances within two different 4 × 4 blocks, reflecting the local
distortion within the blocks. The intensity profiles in Fig. 2h corre-
sponding to Line1 and Line2 in (e) show that the intensity of the block
centers is generally higher than that in the crystallographic shear (CS)
planes. In addition, although the positions associated with the tetra-
hedral sites in Fig. 2f are brighter than those in the CS planes, the
differences are not as high as expected if the tetrahedral sites were
fully occupied with tungsten atoms37. Within the thin area at the edge
of the particle delimited by Line3 in (e), the tetrahedral site shows
slightly higher intensity compared with the octahedral sites at the
center of the blocks (Fig. 2h). These results suggest that tungsten
atoms predominantly occupy the tetrahedral sites, with some possible

occupation of the octahedral sites at the center of the blocks, with
similarities to the Nb and W distribution in m-Nb12WO33 dis-
cussed above.

Pair distribution function (PDF) measurements were carried out
to investigate the atomic pair distribution in the structures (Fig. 1g).
The W–Nb distances between W in the tetrahedral sites and Nb in
octahedral sites at the corners of the blocks decrease from 4.43 inm-
Nb12WO33 to 4.41 Å in dt-Nb12WO33, while the differences in amplitude
are more striking, reflecting the structural heterogeneity introduced
by the local distortion. In addition, the Nb–Nb distances within shear
blocks expand from 5.40 to 5.42Å, suggesting that more spacious
pathways are available in dt-Nb12WO33 for the diffusion of the
lithium ions.

The PDF peaks in the long-range (>10Å) of dt-Nb12WO33 are
broader and less intense than those of themonoclinic structure, which
is consistent with the presence of partial structural disorder. The local
distortion may arise from non-uniform strain distribution within the
lattice of dt-Nb12WO33, which is formed at lower temperatures, leading
to variations in the geometric configuration of the tetrahedral sites.

Li-ion insertion/extraction behavior
The electrochemical performance of m-Nb12WO33 and dt-Nb12WO33

was evaluated in half-cells, with Li foil serving as the counter electrode.
The galvanostatic charge/discharge profiles of the initial first cycle
within the voltage range 1.0–3.0 V at 0.5 C (1 C = 190.7mAg−1, based on
one electron transfer per transition metal) are presented in Fig. 3a.m-
Nb12WO33 exhibits an initial discharge and charge capacities of 251.5
and 219.4mAg−1 (corresponding to the insertion and extraction of 17.1
and 15.0 Li+ per formula, respectively), leading to a Coulombic effi-
ciency of 87.3%, which results from the irreversible Li+ trapping in the
crystal host. The Li insertion behavior ofm-Nb12WO3 was first studied
by Cava et al., through the reaction with n-BuLi to form the insertion
compound Li10.7Nb12WO33

38. A few studies have been reported more
recently, with results that are consistent with those obtained here12,15.
In contrast, a higher initial discharge and charge capacities of 269.7
and 257mAh g−1 (18.4 and 17.5 Li+) are obtained for dt-Nb12WO33, cor-
responding to an average voltage of 1.48 and 1.60V, respectively,
which are lower than those for m-Nb12WO33 (1.53 and 1.66 V).
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Fig. 2 | AC-STEM study of dt-Nb12WO33. (a) and (b) AC-STEM images of dt-
Nb12WO33 (metals in octahedral sites and tetrahedral sites are indicated by blue and
orange spheres, respectively). c–e Magnified AC-STEM images of the regions I, II,

and III delimited in (b). f–h Line intensity profiles from the regions delimited in (c),
(d), and (e), respectively. CS represents the crystallographic shear planes made by
edge-sharing octahedra.
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Compared to m-Nb12WO33, which experiences a higher first-cycle
capacity loss of 12.7%, dt-Nb12WO33 exhibits a promising initial Cou-
lombic efficiency of 95.3%, indicating its potential for practical appli-
cation. The main pairs of redox peaks (1.6–1.7 V) shown in the cyclic
voltammograms (CV) ofm-Nb12WO33 anddt-Nb12WO33 in Fig. 3b canbe
assigned to a two-phase transition reaction. An obvious voltage
decrease in the ranges 1.7–1.6 and 1.4–1.1 V is observed fordt-Nb12WO33

when compared with m-Nb12WO33, indicating a lower average voltage
fordt-Nb12WO33. TheCVanddQ/dV results of the initial three cycles for
dt-Nb12WO33 display a highly overlapped profile (Supplementary
Figs. 10 and 11), revealing its good structural stability.

As depicted in Fig. 3c and Supplementary Fig. 12, dt-Nb12WO33

shows better rate performance than m-Nb12WO33, with a reversible
capacity of 168.8 and 144.1mAh g−1 at 20C and 40C, respectively. Even
at the high rate of 80C, the capacity remains at 119.5mAhg−1, corre-
sponding to a high capacity retention of 44.7% from 0.5 to 80C. In
contrast, the capacity of m-Nb12WO33 declines rapidly, and a small
capacity of 30.9mAhg−1 can be obtained at 80C, corresponding to a
capacity retention of 12.0%. Besides, the large voltage polarization of
m-Nb12WO33 with increasing current density seen in Supplementary
Fig. 13 due to the sluggish ion transport kinetics contrasts with the
lower polarization increase for dt-Nb12WO33. The enhanced rate cap-
ability and reduced voltage polarization of dt-Nb12WO33 are a con-
sequence of its fast reaction kinetics and smaller diffusion barriers for
Li+ ions across multiple sites within the partially disordered structure.
CV curves were measured at various scan rates, and a positive corre-
lation between the peak currents (ip) and the square root of the scan
rate (v1/2) during Li+ insertion and extraction is found (Fig. 3d and
Supplementary Fig. 14). The relationship between the peak current and

the scan rate (v) is given by the Randles-Ševčík equation, ip = 2.69 × 105

n3/2C0AD1/2v1/2, where n is the number of electrons per reaction species,
C0 is the Li+ concentration in the lattice, A is the area of electrode, and
D represents the Li+ diffusion coefficient. The parameters n, C0, and A
have the same value for both materials39. Application of the Randles-
Ševčík equation results in an average slope for dt-Nb12WO33 that is
approximately twice as large as that of m-Nb12WO33. The Li+ diffusion
coefficients in m-Nb12WO33 and dt-Nb12WO33 were estimated via the
galvanostatic intermittent titration technique (GITT), as shown in
Fig. 3e and Supplementary Figs. 15–19. Figure 3e and Supplementary
Fig. 15 display the recorded GITT profiles of the two materials. The
corresponding Li+ diffusion coefficients (DLi+) as a function of voltage
(Fig. 3f)weredetermined from theGITTprofiles by using the simplified
Fick’s second law of diffusion40. The DLi+ of dt-Nb12WO33 are in the
range 1.4 ×10−10–1.2 × 10−11, and are significantly larger than those form-
Nb12WO33 (3.7 × 10−11–2.9 × 10−13). In the low voltage region under 1.3 V
and at the end of the charge stage of the GITT curves, the voltage
relaxation form-Nb12WO33 is clearly higher than for dt-Nb12WO33, as a
result of greater charge transfer and mass transfer resistances. Thus,
the minimum DLi+ value for dt-Nb12WO33 is two orders of magnitude
above that for m-Nb12WO33. The extremely small diffusion coefficient
is a result of the two-phase transition occurring below 1.3 V, which is
accompanied by a free-energy barrier, due to the coherency strain
energy and interfacial energy between the two phases. This leads to
sluggish ion diffusion kinetics and voltage hysteresis, which worsens
with increasing current rates. In addition, the pseudocapacitive sto-
rage of Li+ in m-Nb12WO33 and dt-Nb12WO33 was investigated through
the relationship between peak current (ip) and scan rate (v) taken from
the CV curves measured at different scan rates41, described by the
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equation ip = av^b. The resulting b values indicate that the electro-
chemical process is partially controlled by capacitive behavior in m-
Nb12WO33 and dt-Nb12WO33 (Supplementary Fig. 20). The b value of dt-
Nb12WO33 is slightly higher than that of m-Nb12WO33, suggesting a
larger capacitive contribution in the former. dt-Nb12WO33 exhibits
competitive electrochemical performance compared with the pre-
viously reported Nb-based negative electrode materials (Fig. 3g and
Supplementary Table 7)5,6,13,15,42–45, although it should be noted that
direct comparisons are challenging due to experimental differences in
electrode preparation, such as carbon content and mass loading.

The types of cavity sites for Li-ion insertion present in Wadsley-
Roth phases of Nb-based oxides were first categorized by Cava et al.38.
The structure of dt-Nb12WO33 possesses cavity sites of the types I, II, III,
V, and VI, which provide potential pathways for Li-ion diffusion. The
position of these cavities in the structure is schematized in Supple-
mentary Fig. 21. Koçer et al.11 have performed DFT calculations to
determine the energetically favorable pathways for Li+-ion motion
within niobium tungsten oxide block structures. Li+ diffusion was
found to be energetically unfavorable across shear planes and through
type VI cavities, which are formed by tetrahedrally coordinated tung-
sten at the junctions of the blocks and octahedral sites in the vertices
of the blocks (Fig. 1b and Supplementary Fig. 21). In contrast, Li-ion
diffusion through the sites within the blocks was found to involve
lower energy barriers, making these the most likely pathways in the
block structures. As suggested by the PDF data, the partial disorder in
dt-Nb12WO33 shortens the distances betweenW in tetrahedral sites and
Nb in octahedral sites at the corner of the blocks, making it very
unlikely for Li-ions to diffuse via type VI cavities. However, disorder
also leads to larger distances between themetal siteswithin the blocks,
indicating wider pathways for lithium diffusion inside the blocks of dt-
Nb12WO33,which contributes to the larger Li+ diffusion coefficients and
better rate capability of dt-Nb12WO33 compared to m-Nb12WO33.

The long-term cycling stability ofm-Nb12WO33 and dt-Nb12WO33 is
shown in Fig. 3h, Supplementary Figs. 22 and S23.m-Nb12WO33 exhibits
a specific capacity of 148.8mAh g−1 at 5 C after 200 cycles, along with a
capacity retention of 89.6%. dt-Nb12WO33 maintains a higher capacity
of 196.0mAh g−1, corresponding to a comparable retention of 90.5%.
Moreover, after 1000 cycles at 10C, dt-Nb12WO33 is still able to deliver
a high capacity of 165.2mAhg−1 (Fig. 3h), which corresponds to a good
capacity retention of 80.5%.

To further evaluate the application potential of dt-Nb12WO33, full
cells (dt-Nb12WO33||LFP) were constructed using commercial LiFePO4

as positive electrode and dt-Nb12WO33 as negative electrodematerials,
and tested within the voltage range of 1.0–2.5 V (Supplementary
Fig. 24). Considering practical conditions, the negative electrode
material was assembled into full cells without undergoing pre-
lithiation or activation. The average output voltage of dt-Nb12WO33||
LFP is ca. 1.76 V, and it delivers a specific capacity of 204.8mAh g−1,
based on the mass of active negative electrode material at 0.5 C. At
different specific current rates from 1C to 20C, dt-Nb12WO33||LFP
shows discharge capacities of 186.3, 158.6, 124.5, 97.8, and
71.8mAhg−1. dt-Nb12WO33||LFP maintains a reversible capacity of
108mAhg−1 at 5 C after 500 cycles, corresponding to a retention of
93.5%. Its good rate capability and long cycling life indicate the strong
potential of dt-Nb12WO33 for practical applications.

Considering thatdt-Nb12WO33 consists of smaller particles thanm-
Nb12WO33, we have additionally prepared and studied the electro-
chemical performance of m-Nb12WO33 with smaller particles
(100–400 nm) and dt-Nb12WO33 with larger particles (1.0–1.3μm) to
evaluate the effect of the particle size on the performance. m-
Nb12WO33 with a particle size similar to that of dt-Nb12WO33 was pro-
duced by ball milling (BM) of the initialm-Nb12WO33 material; the ball-
milled sample is denoted m-Nb12WO33-BM. dt-Nb12WO33 dense
microspheres (MS) with sizes 1.0–1.3μm were synthesized via sol-
vothermal method and subsequent calcination at 900 °C under air;

this sample is denoted dt-Nb12WO33-MS. The XRD patterns of m-
Nb12WO33-BM and dt-Nb12WO33-MS are similar to those ofm-Nb12WO33

and dt-Nb12WO33, respectively, except for a slight broadening of the
peaks form-Nb12WO33-BM, caused by the decrease of the particle size,
and a slight narrowing of the peaks for dt-Nb12WO33-MS, caused by the
increase of the particle size (Supplementary Fig. 25a, b). The Raman
spectra of m-Nb12WO33-BM and dt-Nb12WO33-MS are also identical to
those of their m-Nb12WO33 and dt-Nb12WO33 counterparts (Supple-
mentary Fig. 25c, d). SEM and TEM images (Supplementary Fig. 26)
show that the particle size of m-Nb12WO33-BM ranges from 100 to
400nm, while those of dt-Nb12WO33 microspheres are in the range of
1–1.3μm.TheHR-TEM images ofm-Nb12WO33-BManddt-Nb12WO33-MS
show lattice fringes with an interplanar spacing of 0.49 nm and
0.28 nm, consistent with the d-spacing of the (003) and (101) planes of
m-Nb12WO33-BM and dt-Nb12WO33-MS, respectively. Additionally, the
(71-1), (−407), and (316) planes of the monoclinic structure are
observed in the SAED pattern of m-Nb12WO33-BM. The tetragonal
structure of dt-Nb12WO33-MS is further confirmed through the dif-
fraction associated with the (460), (−170), and (5–10) planes observed
in the SAED pattern. The electrochemical properties of m-Nb12WO33-
BM and dt-Nb12WO33-MS were investigated using half-cells. The initial
Coulombic efficiencyofm-Nb12WO33-BM is 86.1%,which is close to that
of m-Nb12WO33 (87.3%), while dt-Nb12WO33-MS exhibits an initial Cou-
lombic efficiency of 94.4%, similar to the 95.3% for dt-Nb12WO33

(Supplementary Fig. 27a).m-Nb12WO33-BM exhibits specific capacities
of 56.8 and 29.2mAhg−1 at 40 and 80C, respectively, which are com-
parable to the 49.2 and 30.9mAhg−1 delivered by m-Nb12WO33 at the
same rates (Supplementary Fig. 27b, c). Therefore, decreasing the
particle size ofm-Nb12WO33 to sizes similar to those of thedt-Nb12WO33

does not improve the rate capability of the material. Moreover, dt-
Nb12WO33-MS delivers a high capacity of 108.8mAhg−1 at 80C, which
is comparable to that of dt-Nb12WO33 and much higher than that ofm-
Nb12WO33 and m-Nb12WO33-BM (Supplementary Fig. 27d). The Li+ dif-
fusion coefficients in m-Nb12WO33-BM and dt-Nb12WO33-MS were
investigated through GITT (Supplementary Fig. 27e, f). The DLi+ of dt-
Nb12WO33-MS and m-Nb12WO33-BM are in the ranges
1.4 × 10−10–1.1 × 10−11 and 3.8 × 10−11–3.3 × 10−13, respectively. These
values are comparable to those of dt-Nb12WO33 and m-Nb12WO33,
respectively. The DLi+ of dt-Nb12WO33-MS continues to be larger than
those of m-Nb12WO33-BM, despite the larger particles of the former
sample. These results show that changing the size of the particles of
the materials between 100 and 400nm and ca. 1μm does not sig-
nificantly affect the lithium diffusion coefficients or rate capability of
the materials, and therefore, the differences in the electrochemical
performance of thedt-Nb12WO33 andm-Nb12WO33 are causedprimarily
by the differences in their structures.

Structure evolution and reaction mechanism
To probe the long-range structure evolution of m-Nb12WO33 and dt-
Nb12WO33 upon Li+ insertion and extraction, operando XRD was per-
formed within the voltage window of 1.0–3.0 V at 0.1 C. The dif-
fractogram of the pristine dt-Nb12WO33 (Fig. 4b) exhibits reflections
associated with the planes (101), (440), (431), (800), (701), (770), and
(002). Three distinct regions (referred to asT1–T3) are observed fordt-
Nb12WO33 during the initial discharging process. Two solid-solution
reactions occur in the sloped regions, from the opening circuit voltage
(OCV) to 1.70 V (T1) and from 1.65 to 1.0 V (T3), and a biphasic reaction
occurs within the flat region (T2). In contrast,m-Nb12WO33 (Fig. 4a and
Supplementary Fig. 28) exhibits two biphasic reactions during the
initial lithiation process. The (020) diffraction peak of m-Nb12WO33

(2θ~21.4°) disappears at ca. 1.7 V during the initial discharge process.
Simultaneously, a new peak emerges at a lower angle (2θ~21.2°) within
the M2 region, indicating a phase transition occurring in the plateau
region. The peak shifts to a lower angle (M3) due to the expansion of
the lattice along the b direction, and the intensity of the peak begins to
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decrease when the electrode is discharged to ca. 1.3 V. Within the M4
region, a new peak arises on the left side of the pattern (2θ~19.3°),
indicative of the biphasic reactions during the final stage of the dis-
charge process.

The evolution of the lattice parameters during the initial lithiation
and delithiation processes of dt-Nb12WO33 is plotted in Fig. 4c. The
reflection at 2θ≈16.4° is attributed to the lithiummetal (Supplementary
Fig. 29), which was used as a counter electrode in the operando cell.
Upon discharging, the (101) reflection shifts continuously to lower
angles, and the lattice parameter c increases monotonically until the

fully discharged state, indicating that Li+ ions are inserted into the
crystal lattice along the c axis, perpendicular to the block plane, and
columbic repulsion between Li+ increases. The positions of the (440)
and (770) reflections shift to lower angles from the initial state to
Li3.8Nb12WO33, as a result of the expansion of the a–b plane by 0.8%.
The (800) reflection (2θ≈16.1°) shifts slightly to lower angles due to the
expansion of the a-axis. Subsequently, the (440) and (770) reflections
shift to higher angles from Li3.8Nb12WO33 to Li13.4Nb12WO33 due to a
contraction of the a–bplane by 3.1%. Finally, thea–bplane experiences
another expansion (0.9%) within the voltage region below 1.3 V, from

Fig. 4 | Long-range structure evolution ofm-Nb12WO33 and dt-Nb12WO33 during
lithiation and delithiation.Operando XRD patterns of (a)m-Nb12WO33 and (b) dt-
Nb12WO33 electrodes, collected for the first discharge and charge processes. The

corresponding XRD contour plots at selected angle ranges are shown on the left.
c Unit cell parameters evolution during Li+ insertion and extraction for the dt-
Nb12WO33 electrode.
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Li13.4Nb12WO33 to Li17.6Nb12WO33. The evolutions of the unit cell lattice
parameters and volume are highly reversible during the following Li+

extraction process. While the total lithiation process leads to a 9.5%
expansion along the c axis, a contraction of 1.4%occurs along the a and
b axes. The anisotropic evolution of the lattice parameters results in a
volume change of 8.0% for dt-Nb12WO33, which is slight smaller than
the 8.3% for m-Nb12WO33 (Supplementary Fig. 30). HAADF-STEM ima-
ges of lithiated dt-Nb12WO33 andm-Nb12WO33were taken to determine
potential changes in the block structure caused by lithium insertion

(Supplementary Figs. 31 and 32, respectively). The images of lithiated
dt-Nb12WO33 show similar disorder to that of the pristinematerial, with
blocks of different sizes, including 5 × 4, 4 × 4, and 4 × 3. The atomic
arrangement of niobium and tungsten observed in the images of
lithiated m-Nb12WO33 matches the monoclinic structure along the a-
axis, and indicates the retention of the block structure. Ex-situ Raman
spectroscopy experiments were carried out to validate the Li-ion
coordination behavior during lithiation/delithiation in dt-Nb12WO33

(Supplementary Fig. 33). A weak band at 330 cm−1 appears during

Fig. 5 | Operando Nb K-edge and W LIII-edge XANES characterization during
lithiation and delithiation. Operando Nb K-edge and W LIII-edge XANES contour
plots of (a) m-Nb12WO33 and (b) dt-Nb12WO33 (the corresponding voltage profiles
for the first cycle are shown on the right side).OperandoNbK-edge XANES spectra
of dt-Nb12WO33 for the (c) discharge and (d) charge processes. Operando W LIII-
edge XANES spectra ofm-Nb12WO33 for the (e) discharge and (f) charge processes.

OperandoW LIII-edge XANES spectra of dt-Nb12WO33 for the (g) discharge and (h)
charge processes. i Pre-edge integrated peak intensity from the Nb K-edge XANES
spectra ofm-Nb12WO33 and dt-Nb12WO33. Oxidation states of (j) Nb and (k) W as a
function of x in LixNb12WO33 during lithiation. Oxidation state error bars are esti-
mated to be ±0.3 as a function of energy data resolution.
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lithiation, corresponding to the Li–O–Nb(W) bending mode6. The
Raman spectrum recovered after the full charging process further
indicates that the structural evolution during lithiation/delithiation is
highly reversible.

OperandoNbK-edge andWLIII-edge XANES and EXAFSdata ofm-
Nb12WO33 and dt-Nb12WO33 were used to get insights into the charge
transfer processes involving niobium and tungsten, as well as the
evolution of the local structure around the metal atoms during dis-
charge and charge (Figs. 5–7). In the XANES contour plots for the Nb
K-edge and W LIII-edge of m-Nb12WO33 and dt-Nb12WO33 cycled at
0.15 C (Fig. 5a, b), the absorption edge exhibits a reversible energy shift
during the initial cycle, meaning that both metals participate in the
charge compensation process. The position of the edges shifts to
lower energies as the metals are reduced during discharge (Fig. 5 and
Supplementary Fig. 34). The oxidation states of Nb and W were
determined by the half-height method, which has been used as a
relatively accuratemethod to calculate the valence states33,46. Note that
the initial oxidation states of Nb and W are lower than 5+ and 6+,
respectively, due to self-discharge occurring during the waiting period
before the measurements. To demonstrate this self-discharge effect,
we show the voltage profiles of m-Nb12WO33 and dt-Nb12WO33 and
images of the respective electrode materials as a function of time
(Supplementary Fig. 35). The voltage decreases slowly with time from

OCVuntil ca. 15 h, remaining essentially unchanged after that. To study
the color change during the waiting time, the m-Nb12WO33 and dt-
Nb12WO33 powders were used as positive electrodes in half-cells. The
color of the powders changes from white to light blue during this
period, a color that is typical of partially reduced tungsten in tungsten-
containing oxides. The oxidation states of niobium and tungsten
decrease down to 3.8+ and 4.2+, respectively, for dt-Nb12WO33 in the
fully discharged state. These values indicate a charge transfer of 16.2
electrons per formula unit. The corresponding values are 3.9+ and
4.3+, respectively, for m-Nb12WO33, resulting in 14.9 electrons per
formula unit and thus a smaller contribution from charge compensa-
tion and smaller capacity. In addition, the oxidation states of Nb andW
in m-Nb12WO33 show a nearly linear variation with the amount of Li+

inserted into the structure (Fig. 5j, k). A more accentuated decrease in
the oxidation state of tungsten is observed for dt-Nb12WO33 up to ca.
Li8Nb12WO33, suggesting that in this material, the tungsten is pre-
ferentially reduced up to a content of 8 Li+ per formula unit, thus
having a larger contribution to the charge compensation within this
range. A decrease of the pre-edge intensity in the Nb K-edge XANES
spectra of both materials occurs during lithiation (Fig. 5c, i and Sup-
plementary Fig. 34). This reflects an increase of the symmetry in the
octahedral environment around the Nb atoms, i.e., a gradual decrease
of the octahedra distortion, in agreement with experimental results

Fig. 6 | Operando Nb K-edge EXAFS characterization during lithiation and
delithiation. aOperandoNbK-edge EXAFS spectra and contour plot of dt-Nb12WO33

(the corresponding voltage profile for thefirst cycle is shownon the right side).b and
(c) Variation of the radial distance and peak intensity of the operando Nb K-edge

EXAFS spectra as a function of x in LixNb12WO33 during lithiation. d Nb K-edge
operando EXAFS spectra during the two-phase reaction within the voltage range
1.65–1.70V.e Illustrationof the structureofdt-Nb12WO33 in theOCVand fully lithiated
states; blue and pink spheres represent Nb and O atoms, respectively.
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andDFT calculations reported for other niobium tungsten oxide block
structures5,10,33. It is attributed partially to the increase of the energy of
the d states during lithiation, as the metal is reduced and its electron
configuration deviates from d0, mitigating the second-order

Jahn–Teller effect. The second derivative of the W LIII-edge XANES
spectra remains similar to those of the corresponding pristine mate-
rials, showing only one peak, suggesting that tungsten remains mainly
in tetrahedral coordination in m-Nb12WO33 and dt-Nb12WO33 during

Fig. 7 | OperandoW LIII-edge EXAFS characterization during lithiation and
delithiation. OperandoW LIII-edge EXAFS spectra and contour plots for (a) m-
Nb12WO33 and (b) dt-Nb12WO33 (the corresponding voltage profile for the first cycle
is shown on the right side). c Variation of the radial distance and peak intensity of
the operandoW LIII-edge EXAFS spectra as a function of x in LixNb12WO33 during
lithiation. d Schematic representation of the W tetrahedral sites structural

evolution form-Nb12WO33 and dt-Nb12WO33 at different discharged states; blue and
green squares represent the octahedral sites, while orange squares denote tetra-
hedral sites; blue, orange, and pink spheres represent Nb, W, and O atoms,
respectively. eWT-EXAFS spectra ofm-Nb12WO33 (left side) and dt-Nb12WO33 (right
side) at different discharged states (the blue-yellow-red color gradient represents
the increase of the EXAFS intensity).
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discharge (Supplementary Figs. 36 and 37). However, there are clear
differences in the evolution of the spectra of the materials (Fig. 5e–h).
Form-Nb12WO33, the intensity of the edge diminishes during lithiation,
and the intensity of the post-edge feature also decreases. This can be
attributed to the WO4 and WO6 polyhedra getting progressively more
distorted as the discharge process advances. As a result of the dis-
tortion around theW atoms, a decrease in the overlapping betweenW
d-orbitals and O p-orbitals can occur, decreasing the electron density
at the metal center. The changes in the spectra are only partially
reversible during the charge process. On the contrary, the intensity of
the white line in the spectra of dt-Nb12WO33 does not change sig-
nificantly compared to m-Nb12WO33, suggesting less important chan-
ges. Less electron density on the tungsten in dt-Nb12WO33 due to
distortion could contribute to the more accentuated decrease of the
oxidation state of tungsten in dt-Nb12WO33 compared to m-Nb12WO33

at the initial stages of discharge (Fig. 5k).
The evolution of the local structure and coordination environ-

ment around the Nb and W atoms during lithiation and delithiation
was evaluated through operando k2-weight EXAFS spectra (Supple-
mentary Figs. 38 and 39). The Fourier transform (FT) Nb K-edge
EXAFS spectra of m-Nb12WO33 and dt-Nb12WO33 (Fig. 6a and Sup-
plementary Fig. 40) show peaks at 1.6 Å, 2.9 Å, and 3.4 Å corre-
sponding to the interatomic distances between Nb‒O, Nb‒Nb, and
Nb‒(O)‒Nb, respectively. It should be noted that there is a difference
of ca. 0.4 Å between themeasured and actual atomic distances due to
phase shifts during the scattering process47,48. The evolution of the
radial distance and intensity of the peaks associatedwith the first and
second coordination shells of Nb as a function of the lithium content
(Fig. 6b, c, respectively) reveals that the amplitude for Nb‒O in m-
Nb12WO33 remains constant from the OCV state to Li3.0Nb12WO33.
However, it subsequently undergoes a dramatic decrease from
Li3.0Nb12WO33 to Li7.1Nb12WO33, which is associated with the two-
phase transition reaction. In contrast, dt-Nb12WO33 experiences a
more stable evolution within the same range. Figure 6d compares
selected operando EXAFS spectra of the materials during the two-
phase reaction, within the voltage range 1.65–1.70 V. Less significant
changes are observed in the first peak for dt-Nb12WO33 compared to
that of m-Nb12WO33, meaning that much smaller structural changes
occur in the first oxygen coordination shell around the niobium in
the former, which reflects the robustness of the partially disordered
phase. This robustness ensures less disruption of the structure dur-
ing lithiation, providing stable pathways for Li+ ions diffusion. The
magnitude of the Nb‒Nb and Nb‒(O)‒Nb peaks decreases con-
tinuously, which can be attributed to the shielding effect of Nb–Nb
corner-sharing interactions during lithium insertion into the
structure33. The Nb–O radial distance in dt-Nb12WO33 shows a
decreasing trend from Li10Nb12WO33, possibly as a result of the
increasing symmetry of the NbO6 octahedra. The Nb–Nb radial dis-
tance indt-Nb12WO33 contracts by0.18 Å along the shear planes, from
Li8.3Nb12WO33 to the discharged state, causing the neighboring
blocks to slide closer and resulting in the lattice contraction. The
Nb–(O)–Nb radial distance begins to increase from Li10.7Nb12WO33,
caused by an expansion perpendicular to the shear plane. The weak
peak observed in the operando Nb K-edge EXAFS spectra at a radial
distance of 3.1 Å, from Li10.7Nb12WO33 during the discharge process,
may be a contribution from the Nb‒W1 radial distance. This peak
becomes noticeable due to a shift in the Nb‒Nb radial distance to
smaller values, coupled with a decrease in intensity and a shift to
higher values of the Nb‒(O)‒Nb peak. The local structure evolution
within the shear blocks is consistentwith the anisotropic evolution of
the lattice parameters found via operando XRD, and is illustrated for
dt-Nb12WO33 in Fig. 6e.

A similar qualitative analysis was performed for the operando W
LIII-edge FT-EXAFS spectra of m-Nb12WO33 and dt-Nb12WO33 during
lithiation/delithiation (Fig. 7a–c). The W‒O radial distance in the

polyhedra of m-Nb12WO33 is 1.4 Å and remains constant during dis-
charge from the OCV state to Li3.2Nb12WO33, accompanied by a
decrease of the intensity (Fig. 7a). The radial distance subsequently
decreases gradually from Li3.2Nb12WO33 to Li7.1Nb12WO33, reaching a
value of 1.1 Å, while the intensity sharply declines until the peak com-
pletely disappears fromLi2.4Nb12WO33 to Li7.1Nb12WO33 during the two-
phase transition reaction. Another peak at a higher radial distance of
2.0 Å starts to appear fromLi5.5Nb12WO33. Therefore, two types ofW–O
bond lengths, differing approximately 0.6 Å, with corresponding low
amplitude peaks, seem to exist during the two-phase transition reac-
tion within the voltage range 1.65–1.70 V, suggesting that the local
tetrahedral environment around the tungsten experiences significant
anisotropic distortion, with a markedly asymmetric distribution of the
bond lengths. In contrast, the radial distanceof theW‒Opeak in the dt-
Nb12WO33 spectra gradually increases from the OCV state to
Li3.0Nb12WO33, and then remains constant, while a gradual increase of
the peak intensity takes place from Li3.0Nb12WO33 to Li3.0Nb12WO33

during the two-phase transition reaction (Fig. 7b and Supplementary
Fig. 41). This result reveals less significant changes in the local coor-
dination environment around the tungsten atoms, which aremainly in
tetrahedral sites, arising from the partially disordered structural
arrangement present in dt-Nb12WO33, whichminimizes local structural
disruption during lithiation, and thus contributes to a stable inter-
calation structure (Fig. 7d). The amplitude of the W‒O peak in the dt-
Nb12WO33 spectra slowly increases upon further discharge to 1.0V, in
contrast with the fast increase observed for m-Nb12WO33. The W‒O
radial distance is larger in the discharged compared to the OCV state
for both materials, as a result of the changes in the electron config-
uration and size of the reduced tungsten ions. A broad and low-
intensity W‒O peak is observed in them-Nb12WO33 spectra during the
two-phase reaction region of the delithiationprocess. This strong local
disorder results in an irreversible changeof theW–Oradial distance for
the fully charged state, whichmay account for the low initial columbic
efficiency observed form-Nb12WO33. However, theW‒Oradial distance
of the fully charged dt-Nb12WO33 is the same as in the OCV state,
indicating a good reversibility of the local structure during the Li+ ions
insertion and extraction.

To further investigate the evolution of the W coordination
environment, wavelet transform (WT) analysis of the W LIII-edge
EXAFS spectra was carried out (Fig. 7e). The scattering peaks at
(5.8 Å−1, 1.38 Å) and (6.5 Å−1, 1.38 Å) are attributed to the contributions
of W–O of m-Nb12WO33 and dt-Nb12WO33, respectively, and the peak
intensity is related to the evolution of the local coordination envir-
onment. During lithiation, the intensity of the W–O peak of m-
Nb12WO33 sharply decreases after discharging to 1.6 V, while it only
slightly decreases fordt-Nb12WO33. In the following charging process,
the intensity is only partially recovered for m-Nb12WO33, while it
almost completely recovers to that of the OCV state in the case of dt-
Nb12WO33. These results further confirm the relatively minor altera-
tions of the coordination environment around the tungsten atoms in
dt-Nb12WO33 during the electrochemical process and the reversibility
of those alterations.

To evaluate the degradation mechanisms during long-term
cycling, SEM, XRD, and XAS analyses of the materials were per-
formed after 500 cycles. SEM images ofm-Nb12WO33 and dt-Nb12WO33

(Supplementary Fig. 42) show the absence of cracks or holes on the
surface of the materials. Comparison between the X-ray diffracto-
grams of the materials before and after cycling does not indicate the
irreversible formation of other crystalline phases (Supplementary
Fig. 43a, b) and suggests that the long-range structure is maintained
after cycling. The Nb K-edge XANES spectra of m-Nb12WO33 and dt-
Nb12WO33 before and after cycling almost overlap (Supplementary
Fig. 43c).A similar result is obtainedwith theWLIII-edgeXANES spectra
(Supplementary Fig. S43d), which suggests reversibility of the redox
reactions for bothmaterials. Supplementary Fig. 43e compares the Nb
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K-edge EXAFS spectra of the initial and cycled m-Nb12WO33 and dt-
Nb12WO33. In the case ofm-Nb12WO33, there is a shift of the Nb‒O peak
after cycling from 1.50 to 1.54 Å, accompanied by a decrease of the
peak intensity, whereas only a slight decrease in the intensity of the
Nb‒Opeak is observed for dt-Nb12WO33, without significant peak shift.
As for the W LIII-edge EXAFS spectra (Supplementary Fig. 43f), a more
accentuated decrease in the W‒O peak intensity is observed for m-
Nb12WO33 after cycling than for dt-Nb12WO33. The results reveal that
irreversible local distortions occur within the NbO6 and WO4 poly-
hedra in both materials after repeated lithiation and delithiation pro-
cesses, although the effect is smaller for dt-Nb12WO33. Therefore,
irreversible local distortions appear to be the primary degradation
mechanism during long-term cycling inm-Nb12WO33 and dt-Nb12WO33,
leading to a decrease in capacity.

The data suggests that the partial disorder of the dt-Nb12WO33

structure, introduced by the variability of the ReO3-type blocks’
dimensions and consequent disorder of the tetrahedral tungsten sites
position, as well as distortion of those tetrahedra, leads to a robust
structure that provides suitable and stable pathways for Li+ ions dif-
fusion. As a result, the partial disorder of the structure allows for Li+

fast diffusion and therefore better rate capability than m-Nb12WO33,
together with higher stability.

To assess the economic viability of dt-Nb12WO33, particularly the
potential cost increase of introducing tungsten into a niobiumoxide,
we have considered the price of the metals and their estimated
availability on the planet. The prices of niobium and tungsten are
affected by supply constraints, geopolitical factors, and processing
technology. According to a sustainability evaluation carried out by
Tkaczyk et al., the price of tungsten fluctuated after 2005, with peaks
in 2006 (37USD/kg) and 2012 (57USD/kg), and then decreased to
35 USD/kg in 201749. As for niobium, the price remained stable at
around 40–50USD/kg since 2010, and was 50USD/kg in 2017. A
similar trend is found for the prices of niobium and tungsten pre-
cursors with identical characteristics (e.g., ligand and purity) sold by
the main chemical reagent suppliers in Germany. Theoretically, the
inclusion of W in Nb oxide compounds does not lead to higher
material costs while simultaneously enhancing the electrochemical
performance. On the other hand, the tungsten reserves on the planet
are smaller than those of niobium, with the tungsten content in the
earth crust estimated as 1.25mg kg−1 compared to 20mg kg−1 for
niobium. However, the atomic percentage of tungsten in dt-
Nb12WO33 is only 8 %, while the performance gains from the intro-
duction of tungsten are significant. For example, dt-Nb12WO33 deli-
vers a high capacity of 119.5mAh g−1 at 15.3 A g−1, compared to
94mAh g−1 at 4 A g−1 for H-Nb2O5 and 60mAh g−1 at 0.132 A g−1 for
Nb12O29

43,50. Therefore, considering the current prices of tungsten
and niobium, the incorporation of tungsten seems economically
advantageous, especially taking into account the potential use of the
materials in high-end battery applications such as electric vehicles,
where high power density makes it more efficient and user-friendly
by reducing charging time.

A partially disordered Nb12WO33 phase (dt-Nb12WO33) has been
obtained, which consists of ReO3-type blocks of varied sizes withmore
spacious channels for ion diffusion, irregular arrangement of the tet-
rahedral sites, and strong distortion of those sites, for application as a
negative electrode material in Li-ion batteries. The unique structure
results in wider pathways for Li+ ions diffusion and minor changes in
the local structure during discharge and charge compared to the
monoclinic structure (m-Nb12WO33), providing suitable and stable
pathways for faster Li+ diffusion rates. The performance of dt-
Nb12WO33 is significantly enhanced with respect to that of m-
Nb12WO33, showing a 44.7% capacity retention at 80C and a high initial
columbic efficiency of 95.3%. The strategy reported here of introdu-
cing disorder in the cation arrangements of block oxides is promising

for the futuredesign of electrodematerials for lithium-ion batteries for
fast-charging applications.

Methods
Material synthesis
To synthesize the Nb12WO33 precursors, ammonium niobate oxalate
(99.99%, Sigma–Aldrich) and ammonium tungstate hydrate (99.9%-W,
Sigma–Aldrich) were dissolved in 16mL of tert-butanol (ACS reagent,
≥99.7%, Sigma–Aldrich), and the solution was transferred to a Teflon-
lined stainless-steel autoclave, and then heated at 170 °C for 5 days.
The obtained product was collected by centrifugation, washed with
absolute ethanol, and then it was dried at 60 °C overnight. Subse-
quently, the Nb12WO33 precursors were heated in air atmosphere at
900 °C and 1100 °C for 10 h, respectively. m-Nb12WO33-BM was pre-
pared by ball milling of m-Nb12WO33 using 0.3 cm zirconia balls in a
swing ball mill with a frequency of 20Hz in a 10mL stainless-steel jar
(SBM, Retsch MM400). The material was ball milled with a ball-to-
powder ratio of 25:1 for 90min. To synthesize the dt-Nb12WO33

microspheres (dt-Nb12WO33-MS), stoichiometric amounts of niobium
chloride (99.99%-Nb, ABCR) and tungsten chloride (≥99.9%, ABCR)
were dissolved in 16mL of ethanol (99.8%, Sigma–Aldrich), and the
solutionwas transferred to a Teflon-lined stainless-steel autoclave, and
then heated at 180 °C for 2 days. The product was collected by cen-
trifugation and washed with absolute ethanol, and subsequently
heated in air at 900 °C for 10 h. Larger crystals of m-Nb12WO33 were
synthesized via a molten flux method51,52. Stoichiometric amounts of
Nb2O5 (0.5mmol, 99.5%, ThermoFisher GmbH) andWO3 (0.083mmol,
Sigma–Aldrich) were mixed by manually grinding, and subsequently
H3BO3 (5mmol, 99.99%-B, ABCR) was added andmixed with the oxide
precursors. The powder mixture was placed in an alumina crucible,
heated at 1050 °C for 10 h in a muffle oven, with a heating rate of
150 °C h−1 to reach the final temperature. After cooling to room tem-
perature with a cooling rate of 60 °C h−1, the powder was washed with
water to remove the remaining H3BO3.

Electrochemical measurements
Electrochemical tests were carried out in a coin cell (stainless steel,
CR2032, Shandong Gelon Lib Co., Ltd), which was assembled in an Ar-
filled glove box. The electrode was prepared by mixing the active
material, conductive carbon black (Super P, Timcal), and poly(vinyl
difluride) (PVDF, Alfa AesarGmbH&Co. KG) inN-methyl-2-pyrrolidone
(NMP, anhydrous 99.5%, Sigma–Aldrich) with a weight ratio of 7:2:1.
The resulting slurry was uniformly cast onto Cu/C foil (10μm) with a
doctor blade apparatus, followedbydrying at 80 °C invacuum for 12 h.
The electrodes of 12mm in diameter were punched out with a disc
cutting machine (MSK-T10, MTI Corp.). The loading mass of active
material in each electrode of 12mm in diameter is 1.5–2.0mg cm−2.
1.0M LiPF6 in ethylene carbonate/diethyl carbonate/dimethyl carbo-
nate (EC/DEC/DMC) in a volume ratio of 1:1:1 was used as the electro-
lyte (battery grade, H2O ≤ 15 ppm, HF ≤ 50ppm, Sigma–Aldrich).
Lithium foil (0.45mm, Cambridge Energy Solutions) was used as the
negative electrode, and a glass fiber (260μm, Whatman) was used as
the separator. 85μL of electrolyte was added to each coin cell. The full
cells were assembled in coin cells (stainless steel, CR2032, Shandong
Gelon Lib Co., Ltd) with commercial LiFePO4 as the positive electrode
and dt-Nb12WO33 as the negative electrode. The capacity ratio of the
negative to positive electrode (N/P ratio) was about 0.93. The charge/
discharge performance was carried out on a Land CT2001A battery
test system in a voltage range of 1.0–3.0V. CV was performed at var-
ious scan rates on a Bio-Logic VMP3 multichannel potentiostat/galva-
nostat within 1.0–3.0V. The Coulombic efficiency of half-cells was
defined as the ratio of charge capacity to discharge capacity in each
cycle. All electrochemical measurements were performed at 25 ± 2 °C.
Two or three independent cells were tested for a single
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electrochemical experiment. The data presented was selected from a
representative cell that reflects the typical performance.

Materials characterization
The XRD measurements were carried out at PETRA-III at DESY
(Deutsches Elektronensynchrotron) in Hamburg, Germany, using
synchrotron radiation (λ = 0.1036Å). Rietveld refinement was con-
ducted with the GSAS-II software53. The Raman spectra were carried
out on an XPLORA plus Raman microscope with a 532 nm laser.
Transmission electron microscopy (TEM), high-resolution TEM (HR-
TEM), high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), and energy dispersive X-ray (EDX) ele-
mental mapping analyses were conducted on a FEI Talos F200S
scanning/transmission electron microscope (S/TEM) at an accelera-
tion voltage of 200 kV. Aberration-corrected STEM (AC-STEM) ana-
lysis was performed using a FEI Titan Themis Cubed STEM
microscope (FEI Company), equipped with a Cs probe corrector and
operated at 300 kV. HAADF images were acquired with collection
angles between 66 and 200mrad to improve Z-contrast imaging. The
electrodes for ex-situ AC-STEM, ex-situ XAS, and ex-situ Raman
spectra were tested in coin cells cycled at 0.1 C, then disassembled,
collected, and washed with dimethyl carbonate (DMC) three times to
remove residual electrolyte in an Ar-filled glove box at 25 ± 2 °C,
followed by vacuum drying. Subsequently, the electrodes were
sealed in a glass vial under an Ar atmosphere until the measurement.
The morphology of the samples was evaluated using a Phenom
Pharos Desktop SEM from Phenom World using an accelerating vol-
tage of 10 kV and a secondary electron detector. The elemental
compositions of materials were analyzed by inductively coupled
plasma-optical emission spectrometry (ICP-OES, Agilent 5110). The
single-crystal X-ray diffraction data was collected with a BRUKER D8
VENTURE area detector with Mo-K radiation (λ = 0.71073). The
structure refinement was conducted with Shelx54. Operando XRD
patterns were measured on a STOE STADI MP diffractometer using
Mo-Kα radiation (λ = 0.70930Å) at a scan rate of 0.62°/min with a
step size of 0.495 °. The electrochemical tests were performedwithin
the voltage window of 1.0–3.0 V at 0.1 C and 25 ± 2 °C on a Bio-Logic
VMP3 multichannel potentiostat/galvanostat. High-resolution syn-
chrotron X-ray diffraction and total scattering measurements were
performed at beamline ID31 at the European Synchrotron Radiation
Facility (ESRF). The sample powders were loaded into cylindrical
slots (approx. 1mm thickness) held between Kapton windows in a
high-throughput sample holder. Each sample was measured in
transmission with an incident X-ray energy of 75.00 keV
(λ = 0.1653 Å). Measured intensities were collected using a Pilatus
CdTe 2M detector (1679 × 1475 pixels, 172 × 172 µm2 each) positioned
with the incident beam in the corner of the detector. X-ray absorp-
tion spectra at the Nb K-edge (18986 eV) and W LIII-edge (10207 eV)
were collected at the BAMline of the BESSY-II (Berlin, Germany)55,
operated by the Helmholtz-Zentrum Berlin for Materials and Energy.
The incident X-ray beam was provided by a super bend magnet (7 T)
source and subsequently energetically narrowed by a Double Crystal
Monochromator (DCM), with Si (111) crystals, which is used to fine
scan the energy range and an intrinsic resolution of ΔE/E = 2 × 10−4.
The beam size on the sample was 4mm (horizontal) × 2mm (ver-
tical). TheXASmeasurementswere performed in transmissionmode,
containing both X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS). Pouched coin cells
with Kapton film windows were assembled for operando XAS mea-
surements. The pouched coin cell was placed between two Argon-
filled ionization chambers (I0, I1, 5 cm and 15 cm long, respectively).
The electrochemical tests were performedwithin the voltagewindow
of 1.0–3.0 V at 0.15 C on a Bio-Logic VMP3multichannel potentiostat/
galvanostat at 25 ± 2 °C. Nb and W metal foils were used to calibrate

the energy at the respective energies. The measurement protocol
was the following: 10 eV steps until 20 eV before the edge, followed
by 0.5 eV steps until 20 eV above the edge, and 2 eV steps until
200 eV above the edge. From then on, equidistant k-steps were taken
every 0.04 Å until 16 Å. The acquired spectra were extracted, cali-
brated, and normalized using the Athena and Larch software56.
XANES spectra were normalized using the Athena software by sub-
tracting a fitted pre-edge baseline and dividing by the edge step
obtained froma post-edge fit, resulting in the spectra with a pre-edge
near zero and a post-edge near one. The Fourier Transformations for
the EXAFS spectra fitting is made in k-space between 2 and 14 Å−1 for
NbK-edge, and 2 and 12 Å−1 forW LIII-edge. The resultingNbK-edge R-
space is used for fitting with the model of tetragonal Nb2O5 and
monoclinic Nb12WO33. The resulting W LIII-edge R-space is used for
fitting with the model of monoclinic Nb12WO33. The Fourier Trans-
formations for the operando EXAFS spectra are made in k-space
between 2 and 13 Å−1 for Nb K-edge, and 2 and 9 Å−1 for W LIII-edge.
The FT-EXAFS plots are the result of this.

Data availability
The authors declare that all data supporting the findings of this study
are available in the article and its Supplementary Information files. The
data generated in this study can be obtained from the corresponding
authors upon request. Source data are provided with this paper.
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