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Abstract

these materials. Tungsten preferentially occupies tetrahedral and block-central sites within
the block-type crystal structures, and the local
structure of the materials depends on the cation
configuration. The lithium insertion proceeds
via a three-step mechanism, associated with an
anisotropic evolution of the host lattice. Our
calculations reveal an important connection between long-range and local structural changes:
in the second step of the mechanism, the removal of local structural distortions leads to the
contraction of the lattice along specific crystallographic directions, buffering the volume
expansion of the material. Niobium-tungsten
oxide shear structures host small amounts of
localised electrons during initial lithium insertion due to the confining effect of the blocks,
but quickly become metallic upon further lithiation. We argue that the combination of local,
long-range, and electronic structural evolution
over the course of lithiation is beneficial to
the performance of these materials as battery
electrodes. The mechanistic principles we establish arise from the compound-independent
crystallographic shear structure, and are therefore likely to apply to niobium-titanium oxide
or pure niobium oxide crystallographic shear
phases.

Wadsley–Roth crystallographic shear phases
form a family of compounds that have attracted
attention due to their excellent performance as
lithium-ion battery electrodes. The complex
crystallographic structure of these materials
poses a challenge for first-principles computational modelling and hinders the understanding of their structural, electronic and dynamic
properties. In this article, we study three
different niobium-tungsten oxide crystallographic shear phases (Nb12 WO33 , Nb14 W3 O44 ,
Nb16 W5 O55 ) using an enumeration-based approach and first-principles density-functional
theory calculations. We report common principles governing the cation disorder, lithium insertion mechanism, and electronic structure of
1

Introduction

between cations and the second-order JahnTeller (SOJT) effect. 11,12 NbO6 octahedra at
the block periphery are more strongly distorted
than those in the centre, resulting in zigzag-like
patterns of metal cations along the crystallographic shear planes (Fig. 1d). The block size
depends in part on the oxygen-to-metal ratio of
the compound; a higher number of oxygens per
metal allows more corner-sharing connections
between octahedra, and therefore larger blocks.
Lithium insertion into Wadsley–Roth phases
was first studied systematically by Cava et
al. in 1983. 13 The authors examined 12 different niobium oxide-based shear structures
and showed that the crystallographic shear
stabilises the structures against undesirable octahedral tilt distortions of the host framework,
which had previously been observed in ReO3 . 14
The frustration of distortions allows lithium
diffusion pathways to be kept open. Since the
initial report by Cava et al., there have been
articles detailing the electrochemical properties of many Wadsley–Roth phases, including TiNb2 O7 , 15,16 Ti2 Nb10 O29 , 17,18 TiNb24 O62 , 5
Nb12 WO33 , 19,20 Nb14 W3 O44 , 21,22 Nb16 W5 O55 , 4
Nb12 O29 , 23,24 H-Nb2 O5 , 3 and PNb9 O25 . 25
These studies have shown good performances
of Wadsley–Roth phases as Li-ion battery electrodes, with a remarkable high-rate capability. 4,16 Ultrafast lithium diffusion was recently
observed in Nb16 W5 O55 with pulsed field gradient NMR spectroscopy and electrochemical
techniques. 4 A strong similarity in the structural and phase evolution between different
Wadsley–Roth phases has been noted. 4,13 The
phase evolution and voltage profile up to 1.5
Li/TM (Li per transition metal) can generally
be divided into three regions; a first solid solution region with a sloping voltage profile is
followed by a two-phase-like region where the
voltage profile slope is flatter. Depending on
the specific Wadsley–Roth phase, this second
region of the voltage profile might be almost
flat (as in H-Nb2 O5 3 ), or have a small slope
(Nb16 W5 O55 4 ). Beyond the two-phase-like region, another solid solution ensues. The similarity of their electrochemistry is highlighted
by the fact that most articles reporting properties of a single Wadsley–Roth phase draw

There is a high demand for energy storage
materials with improved performance in terms
of energy and power density, cycle life, and
safety. High-rate electrode materials specifically are needed to accelerate the adoption of
electric vehicles by increasing power density
and decreasing charging times. While strategies like nanostructuring have been used extensively to improve high-rate performance in materials like LTO 1 (Li4 Ti5 O12 ), this has many
drawbacks, including high cost, poor stability,
and poor volumetric energy density. 2 However,
nanostructuring is not always necessary to obtain high rates. Recent work has shown that
very high rates can be achieved in micrometresized particles of complex oxides of niobium (TNb2 O5 3 ), ternary Nb/W oxides (Nb16 W5 O55
and Nb18 W16 O93 4 ), and ternary Ti/Nb oxides
(TiNb24 O62 5 and TiNb2 O7 ). In addition to the
high-rate capability of these materials, their
voltage range of +2.0 V to +1.0 V vs. Li+ /Li
minimises electrolyte degradation and SEI formation, and avoids safety issues such as lithium
dendrite formation.
Crystallographically, these complex oxides
fall into two structural families: compounds
with a tungsten bronze-type structure (TNb2 O5 3,6 and Nb18 W16 O93 4 ), and Wadsley–
Roth phases with block-type structures. The
present work is concerned with the family
of Wadsley–Roth phases, which encompasses
a large number of crystallographically similar
compounds in the Nb2 O5 –WO3 7 and Nb2 O5 –
TiO2 8 phase diagrams, in addition to pure
Nb2 O5 9 and Nb2 O5 – δ 10 phases. The crystal
structures of these compounds consist of blocks
of corner-sharing octahedra of size n×m, which
are connected to each other by edge-sharing
(Fig. 1). The edge-sharing connections between the octahedra are present along so-called
crystallographic shear planes, which frame the
blocks. Perpendicular to the n × m plane
the units connect infinitely (Fig. 1d,e), and
tetrahedral sites are present between the blocks
in some structures to fill voids. Locally, the
structures show strongly distorted octahedra
due to a combination of electrostatic repulsion
2

Figure 1: Crystal structures of Wadsley–Roth phases studied in this work: (a) Nb12 WO33 (spacegroup C2), (b) Nb14 W3 O44 (I4/m), (c) Nb16 W5 O55 (C2). Light and dark coloured blocks are offset
by half the lattice parameter perpendicular to the plane of the page. Note the increase in block
size from a) Nb12 WO33 (3 × 4) to d) Nb16 W5 O55 (4 × 5). The blocks are framed by crystallographic
shear planes (edges of red squares in (b)), along which the metal-oxygen octahedra are strongly
distorted (d). The octahedra in the block centre (e) are much less distorted. Transition metal
atoms shown in blue and oxygen in orange.
comparisons to other compounds of the family. 4,5,13,19,25 Cation ordering preferences (such
as in the Ti/Nb oxides 26 ) and electronic structure features 10,27 are also very similar.
Despite the rapidly growing number of experimental studies on Wadsley–Roth phases,
reports of computational modelling are almost
absent. First-principles modelling of Wadsley–
Roth phases is both difficult and computationally expensive; the crystal structures are
complex, have large unit cells with a multitude
of lithium sites, and, in Nb/Ti and Nb/W oxides, feature inherent cation disorder. In this
work, we study the cation disorder, lithium
insertion mechanism, and electronic structure of three different Wadsley–Roth phases

(Nb12 WO33 , Nb14 W3 O44 , and Nb16 W5 O55 ) using first-principles density-functional theory
calculations. Their similarity in terms of both
structure (cf. Fig. 1) and composition calls for
a combined study. Building on our previous
work on the electronic structure of Nb2 O5 – δ
crystallographic shear phases, 27 this study is
motivated by the recent report of structural
mechanisms in Lix Nb16 W5 O55 , 4 which we aim
to understand from first principles.
The article is structured as follows. We
begin by studying the Nb/W cation disorder
using an enumeration approach. We establish cation ordering preferences and the lowestenergy cation configurations, and discover a
variability of the local structure caused by the

3

cation disorder. Next, we present a lithium
insertion mechanism for Nb12 WO33 in terms
of the sequence of occupied lithium sites, the
voltage profile, and the local and long-range
structural evolution. We show that the mechanistic principles established for Nb12 WO33 are
transferable to Nb14 W3 O44 and Nb16 W5 O55 . In
fact, Nb12 WO33 and Nb14 W3 O44 can serve as
model compounds to study the more complex
Nb16 W5 O55 . After investigating the electronic
structure of the materials over the course of
lithium insertion, we go on to discuss common
mechanistic principles for this structural family, and their implications for battery performance. We conclude by suggesting new directions for theory and experiment on structural, dynamic, and electrochemical properties
of Wadsley–Roth phases.

tion 1 can be understood as a thermodynamic
average of the fraction of positions of type S occupied by tungsten. The lowest energy cation
configuration of each phase was used as a starting point to generate structural models of lithiated phases.
Structures of lithiated phases were generated by enumerating all possible lithiumvacancy configurations over sets of lithium sites
in Nb12 WO33 and Nb14 W3 O44 . The crystal
symmetry was kept during this enumeration.
Overall, 2048 structures were enumerated for
Nb12 WO33 , and 256 for Nb14 W3 O44 . Due to the
much larger number of possible lithium sites
in Nb16 W5 O55 , a full enumeration of lithiumvacancy configurations and subsequent DFT
optimisation was computationally too expensive. Further details regarding the generation of
lithiated structures can be found in the Results
section.
Computational details. All calculations
were performed using the planewave pseudopotential DFT code CASTEP 29 (version
18.1). The gradient-corrected Perdew-BurkeErnzerhof exchange-correlation functional for
solids 30 (PBEsol) was used in the calculations
presented in this work, unless otherwise specified. Many of the results we report are structural, and the PBEsol functional was therefore chosen because it provides better agreeement with experimental lattice parameters than
PBE or LDA. 30 However, all of the results presented in this article show the same trends if
computed with PBE instead. Structural optimisations were always performed in two steps:
an initial relaxation using efficient parameters,
followed by re-optimisation using very high accuracy parameters. For efficient parameters,
core electrons were described using Vanderbilt “ultrasoft” pseudopotentials, 31 generated
using the ‘efficient’ specifications listed in Table S1. These require smaller planewave kinetic energy cutoffs than the ‘high accuracy’
ones. The planewave basis set was truncated
at an energy cutoff of 400 eV, and integration over reciprocal space was performed using
a Monkhorst-Pack grid 32 with a spacing finer
than 2π × 0.05 Å−1 . Higher accuracy was used
to refine low-energy lithiated structures and all

Methods
Structure enumeration. Symmetrically distinct cation configurations of Nb/W within
the (primitive, single block) unit cells of
Nb14 W3 O44 and Nb16 W5 O55 were enumerated
with a homemade program using established
techniques 28 based on a reduction of configurational space by the space group symmetry of a
parent structure. Overall, 172 cation configurations were enumerated for Nb14 W3 O44 , and 45
for Nb16 W5 O55 . Further details can be found
in the Supporting Information and the Results
section.
The minority cation occupancy (i.e. tungsten occupancy) PS for site S within the crystal
structure was obtained according to
PS =

E
1 X NS,i
− i
gi e kB T ,
Z i mS

(1)

where the symmetrically inequivalent cation
configurations are labelled by i, and their degeneracy and energy above the ground state
(per unit cell) are gi and Ei , respectively. NS,i
denotes the number of positions of type S that
are occupied by tungsten in cation configuration i, and mS is the total number of positions
of type S within the unit cell. The partition
E
P
− k iT
B .
Equafunction is given by Z =
i gi e
4

DFT total energies. For two phases on the hull,
Lix1 Y and Lix2 Y, with x2 > x1 , the voltage V
for a reaction

cation configurations. Harder, more transferable ultrasoft pseudopotentials were generated
using the CASTEP 18.1 “on-the-fly” pseudopotential generator with the ‘high accuracy’ specifications listed in Table S1. The planewave
cutoff energy was set to 800 eV, and the
Monkhorst-Pack grid spacing was chosen to
be 2π × 0.05 Å−1 for calculations on pristine
Nb12 WO33 , Nb14 W3 O44 and Nb16 W5 O55 structures. For the lithiated phases, the MonkhorstPack grid spacing was set to 2π × 0.03 Å−1 due
to their metallicity. Spin polarisation had a
negligible effect on total energies, and structure
optimisations using PBEsol were therefore performed without spin polarisation. Atomic positions and lattice parameters of all structures
were optimised until the force on each atom was
smaller than 0.01 eV/Å, and the maximum displacement of any atom over two consecutive optimisation steps was smaller than 10−3 Å.
DFT+U calculations (following the method
of Ref. 33 ) were performed to assess the impact
of a change in the level of theory on thermodynamics and electronic structure. A value of
U = 4 eV was chosen for the niobium and tungsten d-orbitals if not specified otherwise. This
choice is in line with previous work 27 on niobium oxides. We note (and later demonstrate)
that the results are mostly independent of the
inclusion and exact value of the U parameter.
Thermodynamics. The thermodynamic
phase stability of lithiated niobium-tungsten
oxide phases was assessed by comparing the
formation energy of different phases. For the
pseudobinary phases considered in this work, a
formation energy is defined as

Ef =

E{Lix Y} − xE{Li} − E{Y}
1+x

Lix1 Y + (x2 − x1 ) Li → Lix2 Y

(3)

is given by
∆G
∆E
≈−
x2 − x1
x2 − x1
E(Lix2 Y) − E(Lix1 Y)
=−
+ E(Li) ,
x2 − x1

V = −

(4)

where the Gibbs free energy is approximated
by the internal energy, as the pV and thermal
contributions are small. 34
Electronic structure and postprocessing. Bandstructure calculations were performed for high-symmetry Brillouin zone directions according to those obtained from the
SeeK-path package, 35 which relies on spglib. 36
−1
A spacing between k-points of 2π × 0.025 A
was used for the bandstructures. Density of
states calculations were performed with a grid
−1 , and the results were
spacing of 2π × 0.01 A
postprocessed with the OptaDOS package 37 using the linear extrapolative scheme. 38,39 The
c2x 40 utility and VESTA 41 were used for visualisation of crystal structures and density data.
Data analysis and visualisation was performed
with the matador 42 package.

Results
Cation Disorder
Neutron diffraction studies have established
that the cation distribution in block-type structures is disordered but not random. 5,26,43 Some
amount of disorder is also suggested by single
crystal X-ray diffraction studies. 8,44 Labelling
conventions for the cation sites in the crystal
structures are shown in Figure 2, and abide
by literature conventions as much as possible.
To derive fractional occupancies for the tungsten cations in Nb14 W3 O44 and Nb16 W5 O55 we
apply a Boltzmann distribution (Eqn. 1) using the DFT total energies of the symmetrically inequivalent cation configurations. The

(2)

for Y = Nb12 WO33 , Nb14 W3 O44 , or Nb16 W5 O55 .
The formation energies were plotted as a funcx
tion of the Li number fraction cLi = 1+x
. A
pseudo-binary convex hull was constructed between the Y and Li end members at (cLi , Ef ) =
(0, 0); (1, 0). Thermodynamically stable phases
at 0 K lie on the convex hull tieline.
Voltages for transitions between phases lying
on the convex hull were calculated from the
5
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(a) Nb14 W3 O44

(b) Nb16 W5 O55

Figure 2: Symmetrically inequivalent transition metal cation sites and their occupancies in (a)
Nb14 W3 O44 , and (b) Nb16 W5 O55 . The labelling follows Cheetham and von Dreele 43 for Nb14 W3 O44 ,
and Wadsley and Roth 44 for Nb16 W5 O55 . A temperature of 1200 ◦ C was used to determine the
cation occupancies. The positions of axes of fourfold symmetry (Nb14 W3 O44 ) and twofold symmetry
(Nb16 W5 O55 ) are indicated by circling arrows. In both structures, tungsten preferentially occupies
the tetrahedral and block-central sites.
Table 1: Tungsten occupancies on cation sites in Nb14 W3 O44 . All sites except M5 have a multiplicity
of four. Taking into account the degeneracies, the number of tungsten atoms in a single block (Fig. 2)
is three, as required. The synthesis temperature is reported as 1350 ◦ C, 7 or 1050 ◦ C. 43 Note that
the refinement of fractional occupancies reported in Ref. 43 was performed in I4/m, while the DFT
predictions are for I 4̄. The multiplicity of the tetrahedral site is different in these two spacegroups,
and the experimental occupancy has been adjusted accordingly. The experimental data 43 includes
estimated standard deviations.
Site
M1
M2
M3
M4
M5 (tet.)

Expt. 43
0.39 ± 0.04
0.23 ± 0.07
0.00 ± 0.06
0.00 ± 0.05
0.54 ± 0.11

DFT (1050 ◦ C)
0.343
0.084
0.045
0.058
0.877

results are listed in Tables 1 and S2 for temperatures of 1050–1350 ◦ C, which corresponds
to the range of synthesis and annealing temperatures. 4,7,43 Cation occupancies in Nb14 W3 O44
and Nb16 W5 O55 at 1200 ◦ C are presented in
Fig. 2 using a colormap. Plots of the tungsten occupancies for an extended temperature
range are available in the Supporting Information (Figs. S1, S2).
If the cation distribution in Nb14 W3 O44 was
completely random, each site would have a
3
tungsten occupancy of 17
≈ 0.176. Instead,

DFT (1200 ◦ C)
0.328
0.093
0.054
0.068
0.830

DFT (1350 ◦ C)
0.316
0.101
0.062
0.076
0.782

tungsten is predicted to favour the M5 tetrahedral position and the M1 block-center position (Table 1). The preferential occupancy of
tungsten on the purely corner-shared M1 position is expected; the metal-metal distances are
larger in the block center, and the occupation
of these sites by the more highly charged tungsten cations (assuming W6+ vs. Nb5+ ) reduces
the overall electrostatic repulsion. Preferential
occupation of tungsten on the tetrahedral site
is due to the shorter M-O distances, which, together with the higher charge of the tungsten
6

cations, lead to better covalency and stronger
bonds. In fact, the 15 lowest energy structures generated by enumeration and DFT optimisation all have tungsten on the tetrahedral
site. The two lowest energy cation configurations both have the tetrahedral site occupied
by tungsten, in addition to two M1 sites. The
lowest energy configuration has spacegroup C2,
whereas the second lowest configuration has
spacegroup P 1 (+123 meV/f.u. above groundstate). The highest energy structure lies +1.29
eV/f.u. above the ground state.
The cation ordering in Nb14 W3 O44 has previously been investigated by Cheetham and
Allen using neutron powder diffraction. 43 DFTderived fractional occupancies are in reasonable agreement with experiment (Table 1). The
overall sequence of site occupancy preferences
is the same. The occupancy of the tetrahedral site M5 is predicted to be larger, while
the occupancy of M2 is predicted to be much
smaller. Those two site occupancies also have
the largest estimated experimental uncertainty
(Table 1). Given the very similar local structures of M2, M3, and M4, the large occupancy
of M2 as compared to M3 and M4 seems inconsistent. Determining occupancies in these
large and complex structures is difficult, particularly when the neutron scattering lengths
are not very different (7.054 and 4.86 × 10−15 m
for Nb and W, respectively). 45 We suggest that
the cation distribution should be revisited, perhaps with a joint X-ray/neutron study, to help
constrain the occupancies.
X-ray diffraction studies suggest that the
tungsten atom in Nb12 WO33 is ordered on the
tetrahedral site. 44 An enumeration within the
primitive unit cell of Nb12 WO33 produces only 7
structures, for the 7 symmetrically inequivalent
sites. Placing the tungsten atom on the tetrahedral site results in the lowest energy structure. The second lowest energy structure with
tungsten in the block-center lies +364 meV/f.u.
above the ground state, suggesting a strong
preference for the tetrahedral site even compared to the block-center position.
Experimental data regarding the cation ordering in Nb16 W5 O55 is not available. However, the structure of Nb16 W5 O55 is very sim-

ilar to that of Nb14 W3 O44 , with only one additional row of octahedra within each block.
For our calculations, the tetrahedral site has
been fully occupied by tungsten given the preference of tungsten for the tetrahedral site in
Nb14 W3 O44 and Nb12 WO33 . We have also constrained ourselves to configurations in space
group C2. The more highly charged tungsten cations again prefer to occupy the purely
corner-shared octahedral positions in the block
middle of Nb16 W5 O55 ; occupancies of sites M5,
M6, and M8 are by far the largest (Fig. 2, Table
S2). The lowest energy cation configuration for
Nb16 W5 O55 has tungsten on sites M8 and M5,
while the second and third lowest energy configurations have tungsten on sites M8 and M6
(+11 meV/f.u. vs. groundstate) and M5 and
M6 (+147 meV/f.u. vs. groundstate). The
highest energy cation configuration lies +2.27
eV/f.u. above the groundstate.
There are several effects that are not taken
into account by the DFT prediction; (1) the
modelling necessarily assumes that the material is in thermal equilibrium, but depending on
synthesis temperature and annealing time, the
kinetics of solid state diffusion might play a role
in determining the site occupancies, (2) only
single-block cation configurations were studied, limiting the length scale of interactions,
(3) at the high synthesis temperature of the
metal oxide, temperature effects such as volume expansion, harmonic or even anharmonic
vibrations certainly play a role and the DFT
energy is a good, but limited substitute for
the full free energy. Nevertheless, the lowest energy single-block cation configurations are
the best choice to use in modelling the lithiation mechanism, and are shown explicitly in
Fig. S3. We include crystallographic information files (CIF) for all PBEsol-optimised symmetrically inequivalent cation configurations of
Nb14 W3 O44 and Nb16 W5 O55 in the Supporting
Information of this article, in addition to a table of their space groups, relative energies, and
degeneracies.
The individual cation configurations deviate
from the idealised parent crystal structure by
different amounts. For both Nb14 W3 O44 and
Nb16 W5 O55 , the distributions of lattice param7

eters and unit cell volumes of the cation configurations show a spread of 1-2 % around the
mean. In addition to slight differences in lattice parameters, the MO6 octahedra of both
Nb14 W3 O44 and Nb16 W5 O55 exhibit different
distortions depending on the cation configuration. To analyse these distortions, we introduce three distortion measures: a dimensionless
bond angle variance ∆(θoct ), the quadratic elongation λoct , and an off-centering distance doct .
The bond angle variance and quadratic elongation are commonly used distortion measures 46
implemented, for example, in VESTA. 41 The
∆(θoct ) measure is defined as the bond angle
variance divided by the square of the mean to
make the quantity dimensionless:

∆(θoct) × 103

20
15
10
5
0

doct (Å)

0.4

(5)

Nb

1.00

doct = rM −

i=1

6

(6)

,

M1

M2

M3

W

M4

Figure 3: Distortion measures for octahedral positions M1–M4 (cf. Fig. 2) for all
172 cation configurations of Nb14 W3 O44 . The
block-central M1 octahedra are more symmetric than the peripheral M2–M4 octahedra. All
sites show a significant spread in their octahedral distortion measures.

where li are the M-O bond lengths, and l0 is
the M-O bond length for an octahedron with
Oh symmetry whose volume is equal to that
of the distorted octahedron. 46 The off-centering
distance is defined as the distance between the
center of the O6 polyhedron and the metal position
6
X
rO,i

1.04
1.02

6

λoct

0.2

0.0
1.06

where the 12 O-M-O angles are denoted by θi .
Note that only angles which are 90◦ in an ideal
octahedron are included.
The quadratic elongation λoct is defined as
1 X  li 2
,
=
6 i l0

0.3

0.1

λoct

2
12 
1 X θi − hθi i
,
∆(θoct ) =
12 i=1
hθi i

25

octahedral positions show a significant spread
in their distortion measures, indicating a dependence of the local structure on the cation
configuration. To put these results into context, we note that quadratic elongation measures for octahedra in inorganic compounds fall
in the range of 1.00–1.07. 46 Nb14 W3 O44 exhibits
this entire range of distortions if all transition
metal sites and cation configurations are considered together. The off-center distances show a
spread of approximately 0.15–0.2 Å. Given the
convergence tolerance of 10−3 Å for the DFT geometry optimisation, this indicates a significant
static disorder in the atomic positions. Similar results are obtained for Nb16 W5 O55 , also
showing weaker distortions for the block-central
sites (M5, M6, M8) and a significant spread in
the distortion measures for all transition metal

(7)

where rM is the metal position and rO,i are the
oxygen positions. Both ∆(θoct ) and doct are
zero for an ideal octahedron, and λoct is one.
The three distortion measures are plotted in
Fig. 3 for the M1–M4 sites in Nb14 W3 O44 for all
172 cation configurations, but we note that not
all configurations will contribute equally due to
their different Boltzmann weight.
The M1 block-center octahedron is, on average, less distorted than the the block-peripheral
M2, M3, and M4 octahedra. However, all
8

octahedra in the structure (Fig. S4). Overall, these results indicate a variability of the
local structure at the unit cell level in mixedmetal shear phases that is not captured by a
single cation configuration. Each cation configuration has a different set of cation-cation
neighbour patterns, which can cause different
local distortion directions and strengths. In
this study, only cation configurations within the
primitive unit cell have been considered. Effects on a longer range can be important, and
would lead to a more continuous variation of
the local structure. For example, there are two
sets within the distortion measures for tungsten
on the M2 site (Fig. 3), separated by a gap.
The more distorted set corresponds to WO6 octahedra edge-sharing with two other WO6 octahedra along the crystallographic shear plane,
while the less distorted set corresponds to WO6
edge-sharing with two NbO6 octahedra. Configurations within a supercell along the c direction (cf. Fig. 1) would include WO6 octahedra
sharing edges with one NbO6 and one WO6 octahedron, and likely close the gap.
Both niobium and tungsten are generally classified as intermediate SOJT distorters within
the group of d0 cations. 47 In Nb14 W3 O44 , niobium and tungsten show very similar distortion
strengths on the M1 positions, while the distortion for tungsten seems to be weaker for sites
M2–M4. Given the local structure variability
in Nb/W oxide shear structures, it is very likely
that the Ti/Nb structures show the same properties, since d0 titanium is also classified as an
intermediate distorter. Stronger distortions are
generally exhibited by molybdenum, while zirconium shows only very weak distortions. 47 It
would be interesting to examine the effect of
Mo/Zr doping on the local structure in shear
phases.

fourfold coordinated vertical ‘window’ positions
(Fig. 4a). These sites have been deduced by
neutron diffraction studies for lithiated blocktype structures TiNb2 O7 and H-Nb2 O5 . 48,49 We
will assume and verify the presence of these
sites for Nb12 WO33 . The lithium site energies
and local structures in Nb12 WO33 are shown in
Fig. 4b. Site energies and structures were obtained by placing a single lithium atom into a
(1 × 2 × 1) supercell of Nb12 WO33 (cf. Fig. 1)
and optimising the structure. The site energies
Ef,i were calculated as
Ef,i = Ei − ESC − E(Li) ,

(8)

where Ei is the energy of the supercell with a
lithium atom placed at site i, ESC is the energy of the supercell, and E(Li) is the energy
of bulk lithium. A comparison of the site energies shows that the insertion into fivefold coordinated sites is energetically more favourable.
Horizontal window positions have a symmetric arrangement of oxygen atoms, while vertical
window positions and some of the pocket sites
are less symmetric. In the horizontal window
position, the lithium ion sits slightly above the
plane formed by the four oxygen atoms. The
vertical window positions (sites 2, 3, and 4) are
too large for fourfold coordination of lithium by
the oxygen atoms, and insertion into these sites
is energetically the least favourable. The resulting threefold coordinated lithium ion moves far
off the plane formed by the oxygens. The single
site energies of around −2.1 eV agree well with
the starting point of the voltage profile at 2 V
vs. Li+ /Li. 20
In order to simulate the lithium insertion
into Nb12 WO33 over the entire range of lithium
content, lithiated structures Lix Nb12 WO33 were
generated by enumerating all possible lithiumvacancy configurations for the sites shown in
Fig. 4. The special position in the center of
the block (site 1) was fixed to be occupied.
Using the remaining 11 independent sites for
Nb12 WO33 , 211 = 2048 lithiated structures result, for stoichiometries of Lix Nb12 WO33 with
x ranging from 1 to 23 in steps of 2. This enumeration produces ‘snapshots’ of the structure
and energetics of Lix Nb12 WO33 at specific sto-

Lithium Insertion Mechanism
Nb12 WO33
Lithium sites in block-type structures divide
into three sets; fivefold coordinated ‘pocket’
sites at the edge of the block, fourfold coordinated horizontal ‘window’ positions, and
9

Figure 4: (a) Types of lithium sites present in Nb12 WO33 . Window positions are fourfold coordinated by oxygens, pocket positions fivefold. The circling arrow marks the twofold rotation axis of
the crystal structure. This symmetry element is kept for the enumeration of lithiated structures.
(b) Local structure of lithium sites and site energies in Nb12 WO33 . Only one of each pair of equivalent sites is shown. Insertion into fivefold coordinated sites is energetically more favourable. The
vertical window positions next to the crystallographic shear planes (sites 2, 3, 4) are too large for
fourfold coordination of lithium. Niobium shown in dark blue, lithium in purple, and oxygen in
orange.
ichiometries. The convex hull of the lowest energy Lix Nb12 WO33 structures (Fig. S5) shows
stable or nearly stable phases for each of the stoichiometries examined, indicating that no extended two-phase regions occur. To reliably
capture the lithium insertion mechanism, it is
useful to include metastable structures (i.e. up
to a certain cutoff energy above the convex hull
tieline) in the analysis. These metastable structures could be accessed at finite temperatures.
If only thermodynamically stable structures are
considered, there is no simple sequence of occupation of lithium sites (Fig. 5), although there
is a slight initial preference for occupation of
fivefold coordinated sites and undistorted fourfold sites, especially if metastable structures are
included. Both site energies (Fig. 4) and Li-Li
interactions are important for determining the
lithium insertion sequence.
A comparison of the experimental 20 and
DFT-predicted voltage profiles (calculated with
Eqn. 4) at the GGA and GGA+U levels of the-
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Lithium site
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x in Lix(Nb12WO33)

Figure 5: Occupation of lithium sites for each
sampled stoichiometry. Lithium sites labelled
according to Fig. 4. Bold dots correspond to
sites occupied in the structure on the convex
hull tieline, smaller dots mark sites that are occupied in structures up to 200 meV/f.u. above
the convex hull tieline. There is no simple sequence of lithium site occupation.
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is ineffective 51 (cf. Supplementary Methods).
In addition it is unclear what the value of U
should be for this case; the electronic structure
and chemical bonding will change as a function of lithium concentrations, possibly requiring different U values at different points to be
described accurately. However, total energies
(and therefore phase stability) for sets of structures with different U values cannot be compared. Since the difference between GGA and
GGA+U results is small, we will continue with
a GGA treatment and defer discussion of the
electronic structure to a later section. We note
that while hybrid functionals like HSE06 are
able to provide better agreement with experimental voltages, their use is computationally
more expensive and errors of ±0.2 V are still
common. 50
While the average insertion voltage is underestimated, the shape of the DFT-predicted profiles does show similarity to the experimental
one; there seems to be a region with rather flat
slope between x = 3 and x = 11, which matches
the flatter second region of the experimental
profile. Despite the shallow gradient of the electrochemical profile, this region does not correspond to a true two-phase region. The similarity between the experiment and DFT prediction
is present for both the PBEsol and PBEsol+U
results, and becomes clearer if the predicted
profiles are shifted upwards by the difference
in the average insertion voltage, corresponding
to an adjustment of the Li chemical potential
(Fig. S6).
The evolution of the lattice parameters of
Nb12 WO33 as a function of lithium content is
anisotropic (Fig. 7a). Lattice parameter b,
which is perpendicular to the plane of the block,
expands, and most of the expansion takes place
between x = 5 and x = 11. Lattice parameters a and c first expand until x = 5, and
then contract to a minimum at x = 11 that
 below the lattice parameters
lies almost 0.3 A
of the pristine structure. For x > 11, a and
c expand again. The lattice contraction occurs in the same region as the flatter part of
the voltage profile (shaded blue in Figs. 6, 7a).
The same evolution of the lattice parameters is
also observed when phases up to 200 meV/f.u.

ory is shown in Figure 6. The DFT-predicted
voltage profiles are necessarily composed of
abrupt step changes due to the discrete number
of stoichiometries, and only qualitative comparisons between experimental and DFT-predicted
voltage profiles should be made. We also note
that the experimental voltage profile has not
explicitly been recorded under equilibrium conditions.

Voltage (V) vs. Li+/Li

2.5

PBEsol
U = 3 eV
U = 4 eV
Expt

2.0
1.5
1.0
0.5
0.0
0

5

10

15

20

x in Lix(Nb12WO33)

Figure 6: Experimental voltage profile (orange,
digitised from Ref. 20 ) compared to DFT predictions: PBEsol (blue), PBEsol+U for U = 3 eV
(green), and U = 4 eV (red). The predicted
voltage profiles are composed of steps due to
the discrete sampling of stoichiometries, and
are in qualitative agreement with the experimental profile.
Compared to the experiment, PBEsol slightly
underestimates the average insertion voltage;
the average experimental voltage up to 1 Li/TM
is 1.65 V, whereas PBEsol predicts 1.44 V. The
average insertion voltages evaluated with PBE
and LDA are 1.30 V and 1.70 V, respectively.
We note that the inclusion of a U value for the
niobium 4d orbitals has a minor effect on the
average insertion voltage; for both U = 3 eV
and U = 4 eV, the average insertion voltage
up to 1 Li/TM is 1.45 V. It is well known that
GGA functionals underestimate lithium insertion voltages of transition metal oxides, but
this can be corrected for late first-row elements
(Fe/Mn/Co/Ni) by DFT+U methods. 50 The
case of niobium oxides seems to be closer to that
of d0 titanium oxides, in that the use of DFT+U
11
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Figure 7: Structural evolution of Lix Nb12 WO33 as a function of lithium content x. (a) The lattice
parameters evolve anisotropically; b expands over the entire x range, while a and c first expand
until x = 5, contract, and then expand again beyond x = 13. The average octahedral distortion
h∆(θoct )i decreases, with most of the decrease between x = 5 and x = 11. (b) The local structure in
(i) Nb12 WO33 and (ii) Li13 Nb12 WO33 along the second row of octahedra in the 3×4 block. Niobium
in dark blue, oxygen in orange, and lithium in purple. The interatomic distances demonstrate 1)
an expansion perpendicular to the block plane, 2) a contraction within the block plane, and 3) a
decrease of Nb-Nb distances along the shear planes. Compared to Nb12 WO33 , the NbO6 octahedra
in Li13 Nb12 WO33 are more symmetric, corresponding to a smaller distortion measure h∆(θoct )i.
h∆(θoct )i (Fig. 7a), obtained according to

above the convex hull tieline are included in the
analysis (Fig. S7). These metastable structures might be formed during cycling, or be
partially accessible due to finite temperature
effects. However, the same lattice evolution
would result.
Over the course of lithium insertion, the
transition-metal oxygen octahedra become progressively more symmetric, as shown by the
evolution of the average distortion measure

Noct
1 X
h∆(θoct )i =
∆j (θoct ) .
Noct j=1

(9)

Compared to the pristine Nb12 WO33 , the
distortions in both the MO6 octahedra and
the lithium sites are largely removed in
Li13 Nb12 WO33 (Fig. 7b). The evolution in the
lattice parameters and the local structure is
closely linked. Over the course of lithium in12

sertion, the blocks of octahedra in Nb12 WO33
first expand and then contract within the ac
plane (Fig. 7). Perpendicular to the ac plane,
they expand monotonically. An expansion is
expected for lithium insertion, as an increase
of the number of atoms within the same volume should lead to an increase thereof. The
decrease in the lattice parameters within the
block is associated with the MO6 octahedra
symmetrisation. As the apical oxygens of the
octahedra along the shear planes are pulled
towards the block center, the lattice shrinks
within the block plane (Fig. 7b). The block
 to 4.09 A,
 and the
height expands from 3.81 A
Nb-Nb distance along the shear plane decreases

by over 0.4 A.
The structural changes are closely connected to the occupation of specific lithium
sites; the thermodynamically stable phases
of Lix Nb12 WO33 (Fig. 5) show occupation of
undistorted sites (1, 6, and 8) for x ≤ 5. For
x ≥ 7, vertical window positions that were previously highly distorted are occupied, and the
distortions in both lithium sites and octahedra
start to be removed.
Based on the predicted voltage profile, lattice
evolution, and local structure changes, the overall phase evolution of Nb12 WO33 through three
regions can be rationalised. Taken together,
and compared to previous experiments, these
results suggest two solid solution regions, with
a two-phase-like region in between. The twophase-like region is marked by a block-plane
contraction and a removal of distortions in the
transition metal-oxygen octahedra.

Figure 8: Local and long-range structural evolution of Nb14 W3 O44 during lithium insertion.
The anisotropic lattice evolution and the removal of the octahedral distortions (h∆(θoct )i)
strongly resembles Nb12 WO33 . (cf. Fig. 7).
Compared to Nb14 W3 O44 , the transition metaloxygen framework (bottom) for the fully lithiated Li16 Nb14 W3 O44 structure shows significantly weaker octahedral distortions. Lithium
ions have been omitted in Li16 Nb14 W3 O44 for
clarity. The removal of the distortions leads to
a contraction of the lattice parameters within
the block plane (perpendicular to c).

Nb14 W3 O44 and Nb16 W5 O55
Following on from Nb12 WO33 , we now demonstrate that very similar lithium insertion mechanisms apply to Nb14 W3 O44 and Nb16 W5 O55 .
The crystal structures of Nb12 WO33 ,
Nb14 W3 O44 , and Nb16 W5 O55 are all are based
on the block principle and feature the same local structural distortions (cf. Fig. 1). This similarity leads to the presence of the same types
of lithium environments in all three structures.
The classification into pocket and window sites
in Nb14 W3 O44 and Nb16 W5 O55 follows the same

principles as for Nb12 WO33 (Fig. S8). Notably, the vertical window positions next to the
crystallographic shear planes (sites 3 and 5 in
Nb14 W3 O44 , and sites G, H, K in Nb16 W5 O55 ,
Fig. S9) are strongly distorted due to the zigzag
patterns of the octahedra (cf. Fig. 1). Lithium
site energies for Nb14 W3 O44 are in the range
of -2.0 eV to -2.2 eV, while the site energies
13

due to the higher computational cost of optimising the lithium configurations in a larger
unit cell. A convex hull of the lowest energy
Lix Nb14 W3 O44 phases is available in the Supporting Information (Fig. S10), and shows
thermodynamically stable phases at every sampled stoichiometry. A full enumeration of
lithium-vacancy configurations in Nb16 W5 O55
is not possible. The primitive unit cell contains 22 independent lithium sites, resulting in
222 = 4194304 possible lithium-vacancy configurations.
The structural evolution of Nb14 W3 O44 over
the course of lithium insertion (Fig. 8) bears
a strong resemblance to that of Nb12 WO33 (cf.
Fig. 7). Lattice parameter c, perpendicular to
the block plane, expands monotonically, with
most of the expansion taking place between
x = 12 and x = 16 (Fig. 8). The parameter a first increases, then shrinks below its initial value with a minimum at x = 16. Another expansion for x > 18 follows. Note that
lattice parameter a (which is equal to b in the
I 4̄ spacegroup
of Nb14 W3 O44 ) was extracted as
p
a = V /c (cf. Fig. 1). The same trend in the
evolution of the lattice parameters is also observed when phases up to 100 meV/f.u. above
the convex hull tieline are included in the analysis (Fig. S11). The distortions of the MO6
octahedra are removed as demonstrated by the
decrease in the h∆(θoct )i measure (Eqn. 9). The
contraction and distortion removal is associated
with occupation of the distorted vertical window positions, in direct analogy to Nb12 WO33 .
However, the extent of the structural regions
differs between Nb12 WO33 and Nb14 W3 O44 . In
Nb12 WO33 , the maximum expansion of the a
and c parameters occurs at 0.4 Li/TM, while in
Nb14 W3 O44 it occurs at 0.71 Li/TM. The contraction region is also wider in Nb12 WO33 ; it
spans from 0.38 Li/TM to 1.0 Li/TM, while in
Nb14 W3 O44 , the contraction occurs from 0.71
Li/TM to 1.06 Li/TM. It is difficult to decide
whether this is a physically significant difference, or simply due to the smaller number of
lithium configurations that were sampled for
Nb14 W3 O44 as compared to Nb12 WO33 .
Lithium insertion into Nb14 W3 O44 initially
proceeds via occupation of sites 1, 4, and 8 (cf.

Figure 9: Structure of the transition-metal
oxygen framework in pristine and fully lithiated Nb16 W5 O55 . Lithium ions have been
omitted in the lithiated structure for clarity. The transition metal-oxygen framework in
Li21 Nb16 W5 O55 shows significantly more symmetric MO6 octahedra. The removal of the distortions leads to a contraction of the lattice parameters within the block plane (perpendicular
to b).
for Nb16 W5 O55 are slightly lower (-2.2 eV to
-2.4 eV), due to the higher concentration of
tungsten (cf. Table S3). Insertion into fivefold
coordinated sites is energetically favoured.
The enumeration for Lix Nb14 W3 O44 was performed in the same way as for Lix Nb12 WO33 .
The special position in the center of the block
was fixed to be unoccupied. Given the remaining 8 lithium sites, 28 = 256 structures were
enumerated. The number of lithiated structures generated by enumeration for Nb14 W3 O44
is much smaller compared to Nb12 WO33 . Structures with lithium content between those covered by enumeration were ‘interpolated’ by
using the low-energy enumerated structures
as a starting point.
For example, candidate structures of Li6 Nb14 W3 O44 were generated by filling half of the lithium sites occupied in Li4 Nb14 W3 O44 and Li8 Nb14 W3 O44 .
Overall, the sampling of lithiated structures
for Nb14 W3 O44 is coarser than for Nb12 WO33 ,
14

Fig. S8), but overall there is no simple sequence
for the filling of lithium sites. The lowest energy structures for each stoichiometry are available as crystallographic information files (CIF)
in the Supporting Information.
In complete analogy to Nb12 WO33 , the
local and long-range structural changes in
Nb14 W3 O44 are linked. The removal of the
distortions of the MO6 octahedra along the
shear planes pulls the blocks closer together
(Fig. 8). As a result, the lattice parameter in
the block plane, a, decreases.
While we cannot perform a thorough sampling of lithium-vacancy configurations for
Nb16 W5 O55 , the strong structural similarity
between these three niobium-tungsten oxides
suggests that the same trend of lattice and local
structural evolution will apply to Nb16 W5 O55 .
As a proof-of-principle, we have produced a
structural model for Li21 Nb16 W5 O55 by occupying sites E, I, J, L, N, M, and G (cf. Fig.
S8), which is shown in Fig. 9. Compared to the
pristine structure, the lithiated structure shows
a contraction in the block plane (a = 29.54 Å
vs. a = 29.34 Å, c = 23.10 Å vs. c = 22.95
Å, for Nb16 W5 O55 and Li21 Nb16 W5 O55 respectively), and an expansion perpendicular to the
block plane (b = 3.81 Å vs. b = 4.06 Å), in
good quantitative agreement with experimental findings. 4 The octahedral distortion measure h∆(θoct )i decreases from 10.25 × 10−3 for
Nb16 W5 O55 to 0.86 × 10−3 for Li21 Nb16 W5 O55 .
Clearly, lithium insertion causes the same overall structural changes in all three niobiumtungsten oxides Nb12 WO33 , Nb14 W3 O44 , and
Nb16 W5 O55 .

Nb14 W3 O44 , but the results are transferable to
Nb12 WO33 and Nb16 W5 O55 .
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Figure 10: Bandstructure and electronic densities of states for Nb14 W3 O44 . Oxygen 2p dominated valence band is coloured in orange, while
the Nb 4d/W 5d conduction band is shown in
blue. Both flat and dispersive conduction bands
are present. The long band structure path segments involve changes in wavevector k along
the direction reciprocal to the lattice parameter perpendicular to the block plane (c∗ for
Nb14 W3 O44 ). The Fermi level (dashed line) sits
on top of the valence band.
The pristine shear phases are wide bandgap
insulators (Fig. 10, S12). The metal cations
are fully oxidised and formally have a d0 configuration. The valence and conduction bands
(Fig. 10) are of O 2p and Nb 4d/W 5d character, respectively. Lithium intercalation leads
to n-type doping of the material, introducing electrons into the previously empty conduction band. To understand the electronic
structure of the mixed-metal shear phases, it
is useful to draw comparisons to the niobium
suboxides Nb2 O5 – δ , which also feature blocktype crystal structures. 10 These compounds are
formed by n-type doping of H-Nb2 O5 , and show
interesting properties: magnetism, which is
rare in niobium oxides, flat bands around the
Fermi energy, and an ability to host both localised and delocalised electrons. 10,27,52,53 We
have previously shown that these features are
fundamentally associated with the block-type
crystal structure 27 and therefore also occur in
Nb12 WO33 , Nb14 W3 O44 , and Nb16 W5 O55 on n-

Electronic Structure of Lithiated
Phases
In this section, we briefly present key electronic structure features of niobium-tungsten
oxide shear phases. The electronic structure of
the shear structures determines their electronic
conductivity, which is important for high-rate
battery performance. Additionally, the results
presented here serve to explain the mixed-metal
redox process and to justify the level of theory used in this study. We will focus on
15

doping. In fact, the bandstructures of the
niobium-tungsten oxides show a strong similarity to those of the suboxides and H-Nb2 O5 , 27
with both flat and dispersive conduction bands
present (Fig. 10, S12).
Insertion of a single lithium into the block
of Nb14 W3 O44 leads to the formation of a localised electronic state (Fig. 11). This localised
state is spread over multiple (predominantly
block-central) sites and lies in the plane of the
block. The localised state forms as the Fermi
level is moved into the conduction band by ndoping, specifically by the occupation of the flat
band (corresponding to the peak in the DOS,
cf. Fig. 10). A small gap is opened up between the localised state and the remainder of
the conduction bands (cf. Fig. 11a,b; S15).
Remarkably, this localisation is independent of
the inclusion of a U value on the Nb or W dorbitals. The localisation is shown even at the
GGA level, even though the gap is very small
(35 meV), and increases with the introduction
of a U value for the metal d-orbitals (270 meV
for U = 4 eV). However, the spin and charge
density distribution is the same. Additionally,
the spin and charge distribution is also independent of whether the lithium ion is positioned in
the block center or periphery (cf. Fig. 11c,d).
This indicates that there is no strong coupling
between the lithium ion and electron. A similar
formation of localised electrons is also observed
in Nb12 WO33 and Nb16 W5 O55 (cf. Fig. S13).
It would be interesting to determine experimentally the position of the localised dopant state
relative to the bottom of the conduction band.
Given that the charge associated with the localised electronic state resides predominantly
on block-central sites (M1 in Nb14 W3 O44 , cf.
Fig. 2), the block interiors are reduced first
upon lithium insertion into niobium-tungsten
shear oxides. Since the metal positions in the
block center are mostly occupied by tungsten
in Nb14 W3 O44 and Nb16 W5 O55 , tungsten reduction is slightly favoured initially. In fact, this
preference has been observed in Nb16 W5 O55 by
X-ray absorption spectroscopy. 4
Further n-doping/lithium insertion up to
Li3 Nb14 W3 O44 fully fills the flat band, but also
partially fills the remaining dispersive conduc-

Figure 11: Li1 Nb14 W3 O44 density of states
of an antiferromagnetic spin arrangement between blocks computed with (a) PBEsol and
(b) PBEsol+U (U = 4 eV). A localised state
(marked by the arrow) is present in both. Spin
3
density plots (isosurface value 0.012 e− /Å ) for
structures with lithium positioned (c) in the
center of the block (site 9, cf. Fig. S8), and
(d) at the edge of the block (site 1). The spin
density distribution is due to the localised state
shown in (a) and (b), and is independent of the
lithium position.
tion bands, resulting in metallicity (Fig. 12).
In contrast to the flat band, the dispersive
conduction bands are predominantly hosted on
block edge sites 27 (M2-M4 in Nb14 W3 O44 , cf.
Fig. 12). Reduction of the block edge sites
takes place by filling these dispersive conduction bands. For even larger lithium concentrations, the structures are strongly metallic (cf.
Fig. S16 for Li16 Nb14 W3 O44 ). At the GGA
16

level, we observe no spin polarisation for either Li3 Nb14 W3 O44 or Li16 Nb14 W3 O44 . We do
not observe the opening of a band gap by the
introduction of U value (U = 4 eV) for either stoichiometry, and the compounds remain
strongly metallic (Fig. S16). The same is true
for fully lithiated Nb12 WO33 and Nb16 W5 O55
(Fig. S14). Besides the slight initial preference for tungsten reduction, niobium and tungsten show similar redox activity in Nb16 W5 O55
(Nb5+ /Nb4+ and W6+ /W5+ , with multielectron
reduction possible beyond 1.0 Li/TM). 4
Overall, we conclude that while lithiated
shear phases can show electron localisation, it
is of a different type than for typical transition
metal oxides. The block-structure with its orthogonal crystallographic shear planes seems to
have a confinement effect such that the electron localises within the block plane, but is
not confined to a single d-orbital on a single
transition metal site. These electronic structure features are exactly the same as those observed in Nb2 O5 – δ . 27 Compared to the strong
localisation of small polarons in systems like
Lix TiO2 54,55 and Lix FePO4 , 56 the localisation
in shear oxides is weaker, and easily overcome
by further doping; the materials quickly become
metallic on lithium insertion. The strong dorbital overlap along the shear planes gives rise
to large bandwidths, and in fact, the delocalised
states are hosted on transition metal sites at
the block periphery. 27 The preferred electron
transport direction is expected to be perpendicular to the block plane, based both on experimental results on similar compounds and
the calculated band dispersions. 27,57 The good
electronic conductivity suggested by these calculations is beneficial for high-rate battery performance. In addition to a good conductivity
upon lithium insertion, there will be a change
in the colour of the materials from white-ish to
blue/black. 10,23 Given the facile lithiation and
high-rate performance, this naturally opens up
the possibility of electrochromic applications of
niobium-tungsten oxides.
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Figure 12: Bandstructure and density of states
of Li3 Nb14 W3 O44 . Relative to Nb14 W3 O44
(Fig. 10), the n-doping by lithium insertion has
moved the Fermi level (dashed line) into the
conduction band.

Discussion
Common Mechanistic Principles
The three niobium-tungsten oxides Nb12 WO33 ,
Nb14 W3 O44 , and Nb16 W5 O55 are strikingly similar in their cation ordering preferences, lithium
insertion mechanisms, and electronic structure.
This is expected given their close chemical and
structural relationship. Regarding the lithium
insertion mechanism, a set of common mechanistic principles emerge from our DFT results:
• Lithium is initially inserted into fivefold
coordinated sites and undistorted fourfold
coordinated sites
• Between 0–1.5 Li/TM, the lattice evolves
through three regions; the lattice parameter perpendicular to the plane of the block
expands monotonically, while in the block
plane, the lattice parameters expand, contract, and then expand again
• Distortions of the MO6 octahedra are removed over the course of lithium insertion; this symmetrisation makes previously highly distorted sites available for
lithium occupation
• A DFT-predicted voltage profile of
Nb12 WO33 suggests that the lattice
17

changes are associated with different regions of the voltage profile; during the
block-plane contraction the voltage is almost constant

Regarding the local structure evolution, only
results on Nb16 W5 O55 are available, which
clearly show that the MO6 octahedra become
progressively more symmetric as lithium is inserted. 4 The local structure evolution was observed through X-ray absorption spectrocopy
(XAS) measurements at the Nb K-edge and
W LI -edge, which show a decrease of pre-edge
intensity over the course of lithium insertion.
Pristine block-type crystal structures always
feature strongly distorted metal-oxygen octahedra. The pre-edge arises from the dipoleforbidden s → d transition, which is absent
for a metal in perfectly octahedral coordination.
Removal of octahedral distortions therefore results in a decrease of intensity in this transition. Based on the DFT results, this is expected
to be a universal feature of the lithium insertion mechanism of shear structures. XAS experiments on shear phase TiNb2 O7 also observe
such a symmetrisation in the transition metal–
oxygen octahedra, 16 suggesting that our results
are transferable to the Ti/Nb shear oxides. The
reduction of d0 cations prone to second-order
Jahn-Teller (SOJT) distortions usually leads to
a removal of the distortion (e.g. Lix WO3 and
Nax WO3 phases 58,59 ). In shear oxides, the reduction can alleviate both the SOJT distortions
as well as the electrostatic repulsion between
cations along the shear planes, inducing symmetrisation.

• Local and long-range structural evolution
are closely linked; removal of octahedral
distortions along the shear planes allows
neighbouring blocks to slide closer together, causing the lattice contraction
Experimentally, the three-region voltage profile and phase evolution is the most wellestablished feature of the lithiation mechanism. 4,5,13,16,19–22 The three-stage anisotropic
host-lattice response has been observed in
Nb16 W5 O55 by Griffith et al. 4 using operando
synchrotron XRD, and correlates with the regions of the electrochemical profile. Lattice
parameters of Lix Nb12 WO33 phases have been
reported by Cava et al. 13 and Yan et al. 20
Both authors observed an anisotropic lattice
change after full lithiation (Li10.7 Nb12 WO33 and
Li13 Nb12 WO33 , respectively), with an a-c plane
contraction and expansion along b. However,
the lattice changes between the two studies are
not consistent, with Cava et al. reporting an
expansion of +8.2 % along b, while Yan et al.
report +3.5 %. The study of Yan et al. was
performed on nanosized material, making it not
directly comparable to previous reports or DFT
results.
Lattice parameters of Lix Nb14 W3 O44 phases
have been reported by Cava et al., 13 Fuentes et
al., 21 and Yan et al. 22 While the results of Cava
et al. again agree with our DFT prediction,
and suggest an anisotropic evolution of the lattice parameters, the results obtained by Fuentes
et al. (chemically lithiated material) and Yan
et al. (nanosized material) are at variance
with the DFT prediction and differ strongly
from the structural evolution of the related
oxides Nb12 WO33 and Nb16 W5 O55 . We suggest that the structural evolution of Nb12 WO33
and Nb14 W3 O44 is closer to that of Nb16 W5 O55
and should be re-examined. There is strong
reason to believe that the similar three-region
voltage profiles of Nb12 WO33 , Nb14 W3 O44 and
Nb16 W5 O55 are associated with a similar lattice
evolution.
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Figure 13: Cavity types found in Wadsley–Roth
phases according to Cava et al. 13 The tetrahedral site is denoted by a black dot.
Most previous attempts to explain the lithium
insertion mechanism of block-type phases have
18

referred to the types of cavities that are found in
shear structures, which were first identified by
Cava et al. 13 For example, the insertion mechanism for Nb12 WO33 has been proposed to proceed via insertion into type II, type III, and
then type IV cavities 19,20 (Figure 13). Similar mechanisms have been proposed for other
block-type structures. 21,25 Our DFT calculations do not support this kind of mechanism;
each cavity contains multiple lithium sites of
different types (window, pocket). Instead of resorting to cavity types, it is more accurate to
describe the lithium insertion mechanism by the
type of site that is being filled, and what structural changes this lithium occupation causes.
The cavity types are very useful, however, for
the structural understanding of pristine shear
oxide phases.

der with tungsten on the tetrahedral site and
niobium on the block sites. However, it could
be advantageous to quench from high temperatures during synthesis to lock in some degree
of disorder. Nb14 W3 O44 and Nb16 W5 O55 have
far more tungsten atoms than tetrahedral sites,
but octahedral tungsten prefers the centre of
the blocks. It would be interesting to examine the electrochemical behaviour as a function of cation disorder, controlled by the cooling rate during the synthesis of the material.
Another way to increase the degree of disorder
would be to introduce a third cation into the
material. Within the group of d0 cations titanium would be the obvious choice, since it is
present in Ti/Nb crystallographic shear structures (such as TiNb2 O7 ). Molybdenum and zirconium would be other interesting choices.
The correlation between local and long-range
structure evolution in the crystallographic
shear phases directly affects the battery performance. As lithium intercalates, the total volume expansion is mitigated by the contraction
within the block plane. The presence and subsequent relaxation of the octahedral distortions
provides a mechanism to realise smaller volume changes in this structural family. Volume
changes have an impact on long-term cycling
stability; large expansion and contraction are
associated with microstructural fracture, loss
of particle contact within the electrode, and
SEI degradation/reformation as fresh surfaces
are exposed. The tempered volume changes
in shear oxides thus likely contribute to their
observed stability over 1000 cycles, 4 even with
micrometer-dimension particles that are generally more susceptible to cracking than nanoparticles.
Many of the performance-critical properties
of the niobium-tungsten oxides are intimately
related to the crystal structure; the simultaneous presence of crystallographic shear planes
and the ReO3 -like block interiors is key to
the electrochemical performance. As previously described by other authors, 4,13 the shear
planes frustrate octahedral unit modes that
clamp up diffusion pathways. In addition,
the shear planes serve at least two other purposes: removal of local structural distortions

Implications for Battery Performance
We have shown that cation disorder has a significant effect on the local structure in niobiumtungsten oxide shear phases. Compared to a
hypothetical ordered structure, a lithium ion
within a disordered niobium tungsten oxide
shear structure experiences different local environments from one unit cell to the next. The
same type of lithium site (cf. Fig. S8) will
be framed by different patterns of niobium and
tungsten ions, with different octahedral distortions, and different local electronic structures.
This randomness in the potential energy landscape of the lithium ions in a disordered structure suppresses lithium ordering and makes a
larger number of sites available for occupation.
While an examination of the strength of coupling between the configurations of cations and
lithium ions is beyond the scope of this study,
it is expected to have a beneficial effect on performance.
Given that cation disorder can be a favourable
attribute to enhance electrochemical performance, 4,60 it is important to be able to control the degree of disorder. Our results suggest that tungsten energetically strongly prefers
the tetrahedral site. Due to the site multiplicity and composition, Nb12 WO33 can fully or19

along the shear planes buffers volume expansion, and the smaller metal-metal distances
of edge-shared octahedra provide good orbital
overlap and therefore enhanced electronic conductivity. The ReO3 -like block interiors, on the
other hand, feature open tunnels allowing rapid
lithium-ion diffusion. It seems that only when
the crystal structure reaches a certain level of
complexity can all of these elements be present
simultaneously. The structural motifs providing each different function require structural
complexity and a large unit cell size.

performance of the niobium-tungsten shear oxides.
Our approach of studying multiple members
of one structural family has allowed us to
draw compound-independent conclusions, and
to use smaller model structures to represent
more complex ones. The principles we have established for the niobium-tungsten shear oxides
likely apply in a similar fashion to Ti/Nb oxide
shear structures as well. Future computational
work will focus on the extension of the mechanistic principles described here to the Ti/Nb
oxide shear structures, and on modelling the
diffusion process within niobium-tungsten oxide shear structures.

Conclusion
In this work, we have used an enumerationbased approach in combination with densityfunctional theory calculations to reveal common principles governing the cation disorder, lithium insertion mechanism, and electronic structure of the niobium-tungsten oxides Nb12 WO33 , Nb14 W3 O44 , and Nb16 W5 O55 .
The cross-compound transferability of our results is due to the crystallographic shear structure common to all three materials. Our results shed light on the experimentally observed
three-stage lithium insertion mechanism, and
reveal an important connection between the
long-range and local structural changes: the
removal of octahedral distortions provides a
mechanism to contract the lattice in the block
plane during the second stage of lithium insertion, thereby buffering the overall volume expansion. Regarding the cation disorder, we find
that there is a strong preference for tungsten occupation on the tetrahedral and block-central
sites of the structures. The cation disorder also
has a strong influence on the local structure of
the materials; different Nb/W cation arrangements produce different local octahedral distortions. Electronic structure calculations of ndoped/lithiated structures suggest only weak
localisation of electrons upon initial lithium
insertion, and the materials quickly become
metallic on further lithium intercalation. Overall, our calculations suggest that the changes
in local, long-range, and electronic structure on
lithiation are beneficial to the battery electrode
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