Lithium Diffusion in Niobium Tungsten Oxide Shear Structures

Can P. Kocer,!"* Kent J. Griffith,%3 Clare P. Grey,> and Andrew J. Morris?

! Theory of Condensed Matter, Cavendish Laboratory,
University of Cambridge, J. J. Thomson Avenue, Cambridge CB3 0HE, UK
2Department of Materials Science and Engineering,
Northwestern University, FEvanston, Illinois, 60208, USA
3 Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge CB2 1EW, UK

4School of Metallurgy and Materials, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK

(Dated: April 20, 2020)

Niobium tungsten oxides with crystallographic shear structures form a promising class of high-rate
Li-ion anode materials. Lithium diffusion within these materials is studied in this work using density-
functional theory calculations, specifically nudged elastic band (NEB) calculations and ab initio
molecular dynamics (AIMD) simulations. Lithium diffusion is found to occur through jumps between
fourfold coordinated window sites with low activation barriers (80-300 meV), and is constrained to
be effectively one-dimensional by the crystallographic shear planes of the structures. We identify
a number of other processes, including rattling motions with barriers on the order of the thermal
energy at room temperature, and intermediate barrier hops between fourfold and fivefold coordinated
lithium sites. We demonstrate differences regarding diffusion pathways between different cavity
types; within the ReOs-like block units of the structures, cavities at the corners and edges host
more isolated diffusion tunnels than those in the interior. Diffusion coefficients are found to be in
the range of 1072107 m?s~" for lithium concentrations of 0.5 Li/TM. Overall, the results provide
a complete picture of the diffusion mechanism in niobium tungsten oxide shear structures, and the
structure—property relationships identified in this work can be generalised to the entire family of

crystallographic shear phases.

I. INTRODUCTION

Li-ion batteries with short charge times and high power
density are required to accelerate consumer adoption of
electric vehicles and relieve intermittency of renewable
energy resources [1, 2]. While there are many factors
determining the charge/discharge rate of a device [1],
and not all materials with high-rate capability are suited
for each application, the ionic and electronic conduction
within the active materials represent fundamental lim-
its to the achievable rate. Lithium diffusion in electrode
materials, quantified by a diffusion coefficient D, is usu-
ally much slower than in the electrolyte (liquid or solid).
To achieve high rates, the slower diffusion can be com-
pensated by nanostructuring the electrode material, de-
creasing the diffusion length L, and thereby reducing the
time 7 = L?/D required to lithiate a particle. However,
nanostructuring, as commonly applied to LisTi5O12 and
TiO9, has disadvantages in terms of cost and stability,
and can be avoided if the electrode material has intrinsi-
cally fast lithium diffusion.

A number of niobium-based complex oxides with
open framework structures show very fast lithium dif-
fusion, and are promising for applications as high-
rate, high-voltage anodes. These include T-NboOs [4],
TiNbsO7 [5], and the recently discovered niobium tung-
sten oxides Nb1W5055 and Nb1gW160g3 [6], among oth-
ers. The present work focuses on niobium tungsten oxides
with Wadsley—Roth crystallographic shear structures,
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FIG. 1. Crystal structure of Nb14W3O44 (space group I4/m).
Light and dark blocks are offset by %c. The 4 x 4 block is
framed by crystallographic shear planes (edges of red square).
Four types of cavities (Cava classification [3], bottom, view
along c) occur in Nb14W30Ou4, and a single type II cavity is
framed by the yellow square.

Speciﬁcally Nb12W033, Nb14W3O44, Nb16W5055, and
Nb1gWgOgg9. These materials feature crystal structures
comprised of ReOs-like blocks of n x m corner-sharing
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octahedra (light and dark blue in Fig. 1). Blocks are con-
nected to each other along crystallographic shear planes
(Fig. 1, red square), and tetrahedral sites are present at
the corners of the blocks to fill voids. Along the direction
perpendicular to the plane of the block, the blocks con-
nect to form columns (¢ direction in Fig. 1). The niobium
tungsten oxides differ in the size of the blocks; Nb1oWO33
features blocks of size 3x4, Nb14W35044 size 4x4 (Fig. 1),
Nb16W5055 size 4 X 9, and Nb18W8069 size 5 x 5. The
blocks feature different types of cavities/tunnels (Fig. 1),
first categorised by Cava et al. [3]. Niobium tungsten
oxide shear structures feature cavities of types I, II, III
and VI, except for Nb;oWO33 which does not contain
a type I cavity due to its smaller block size. Cavities
of type IV and V are present in other shear structures
(e.g. TiNbyOy), but not in the materials studied here.
The type VI cavity is special because, in comparison to
the others, the open space within it is blocked by the
tetrahedral site.

Lithium intercalation into niobium tungsten oxides
has been studied both experimentally [6-10] and com-
putationally [11]. Recent mechanistic studies have high-
lighted the role of local and long-range structural changes
during lithium insertion. Experimental [12] and com-
putational [11, 13] studies on shear structures observe
good electronic conductivity, suggesting that electronic
conduction is not rate-limiting. Lithium diffusion in
Nb1gW5055 has been studied by pulsed-field-gradient
NMR spectroscopy, observing large diffusion coefficients
of 10712-10713 m?s~! at room temperature, and low
activation energies of 0.1-0.2 eV [6]. Diffusivities for
Nb1gWgOgg9, measured using the same technique, are
slightly larger [14]. Measurements of diffusion coeffi-
cients and activation energies for lithium diffusion in
Nb12WO33 and Nby14W3044 are currently not available
but are expected to be in the same range. Regarding the
mechanism, bond valence sum maps [6, 14] and compu-
tational results for structurally similar compounds (e.g.
TiNbyO7, Ref. [15]) suggest one-dimensional diffusion
down the block tunnels.

In this article, we study lithium diffusion within nio-
bium tungsten oxide shear structures NbijoWO33 and
Nb14W3044 using first-principles density-functional the-
ory calculations. Building on our previous computational
work on the lithium insertion mechanism of these materi-
als [11], the aim of the present study is to understand the
lithium diffusion mechanism of niobium tungsten oxides.
In keeping with the approach from that study, structures
with smaller block sizes are studied explicitly, and the re-
sults are extrapolated to the whole family. Due to their
use as electrode materials, the lithium concentration in
the niobium tungsten oxides varies as the battery op-
erates, and this requires an analysis of the diffusion as
a function of lithium concentration. To piece together
the diffusion mechanism of niobium tungsten oxide shear
structures over a range of lithium concentrations, we use
two different methods: nudged elastic band (NEB) calcu-
lations, and ab initio molecular dynamics (AIMD) simu-

lations.

Nudged elastic band calculations [16] are used to find
minimum energy paths over the potential energy surface
connecting local minima of lithium sites, and to provide
the activation energy for hopping between them. Acti-
vation energies can be related to hopping rates via tran-
sition state theory. NEB calculations are computation-
ally more efficient than AIMD simulations and provide
insight into lithium diffusion at low lithium concentra-
tions. At higher lithium concentrations, the dependence
of the activation energy on the local lithium arrangement
becomes important. For the niobium tungsten oxides,
the complexity of the crystal structures and the struc-
tural changes during lithium intercalation make it cum-
bersome to probe all barriers at all states of charge, so
another method is required. AIMD simulations probe
the lithium dynamics at a given temperature directly,
and take into account both temperature effects and Li—Li
interactions. Diffusion coefficients and lithium probabil-
ity distributions at any concentration can be determined,
and AIMD simulations are thus the method of choice for
higher lithium concentrations.

The article is structured as follows. We begin by study-
ing lithium diffusion in the dilute limit in Nb;oWO33 and
Nb14W3044 using NEB calculations, establishing activa-
tion barriers, diffusion dimensionality, and the impact of
structural features on diffusion. AIMD simulation re-
sults are presented next, providing a clear picture of dif-
fusion pathways and estimates of diffusivities. We discuss
how these results extrapolate to the other niobium tung-
sten oxide structures and how they relate to experimental
measurements. We conclude by suggesting directions for
future work.

II. METHODS

DFT calculations were performed with the VASP
code [17], using projector augmented-wave potentials [18]
to describe the interaction between core and valence elec-
trons. The following atomic states were treated as va-
lence: Li 1s and 2s, O 2s and 2p, Nb 4s, 4p, 4d, 5s,
and 5p, W 5s, 5p, 5d, 6s, and 6p. The PBEsol [19] func-
tional was used for all calculations. Previous work has
demonstrated that magnetism and electron localisation
in n-doped crystallographic shear phases is weak, and
that the materials quickly become metallic or very good
semiconductors during lithium intercalation [11-13, 15].
All calculations were therefore performed without spin-
polarisation or Hubbard U corrections for the transition
metal d-orbitals.

Structure models for Nb12W033 and Nb14W3044 were
obtained from a previous study [11]. For each structure,
the lowest energy cation configuration was used. Lat-
tice parameters and atomic positions of Nb1sWQO33 and
Nb14W3044 were optimised using a planewave kinetic
energy cutoff of 700 eV and a k-point grid spacing of
0.2 A= until the force on each atom was smaller than



0.01 eV/A. Input structures for AIMD simulations were
optimised using the same parameters. In the case of in-
put structures for NEB calculations, only the atomic po-
sitions were optimised to keep the cell fixed during the
transition state search.

Nudged Elastic Band Calculations. Nudged elas-
tic band [16] calculations were performed in supercells
of Nb1osWO33 and Nbi4W3044, containing 92 and 122
non-Li atoms, respectively. The supercell construction is
described in more detail in the Supporting Information.
All NEB calculations were performed using the VTST
tools code plugin, with a planewave kinetic energy cut-
off of 700 eV and a k-point grid spacing of 0.2 A~! to
sample the Brillouin zone. Initial Li positions were ob-
tained from our previous DFT study [11]. A single Li
atom was inserted into the supercell at each position and
the structure was optimised with a fixed lattice until the
force on each atom was smaller than 0.01 eV /A. Sites in
close proximity were used as initial guesses for endpoints
of minimum energy paths. Between 5-9 images were used
to resolve the paths. In cases where an intermediate mini-
mum was found between two endpoints, the intermediate
was optimised and added as a new endpoint. The NEB
calculations were stopped once the force on each image
was smaller than 0.01 eV/ A. For very low-energy barriers
(B, < 0.1 eV), the convergence of the barrier value was
verified with a smaller force tolerance of 0.005 eV/A.

As the energies of the states before and after a lithium-
ion hop may differ, kinetically-resolved activation barri-
ers [20] AEkgra are reported throughout:

1
AFEgra = Erg — i(Ei + Ey) (1)

where F; and E; are the energies of the initial and final
states, and Erg is the energy of the transition state (ob-
tained from a spline interpolation of the energy profile).
This removes the direction dependence of the activation
barrier.

Ab initio molecular dynamics. Structure models
for lithiated phases were obtained from Ref. [11] and opti-
mised (as described above). Supercells of Li;NbjaWOs33
(z =5,8,17) and LigNb;4,W3044, containing 138 and 183
non-Li atoms, respectively, were constructed (see Sup-
porting Information). To ensure a reasonable computa-
tional cost for the MD simulations, the planewave kinetic
energy cutoff was reduced to 450 eV and k-point grids of
2x2x1and 2 x 1 x 1 were used for the supercells of
Nb12WO33 and NbyyW3044. The parameters were vali-
dated as described in the Supporting Information.

The MD simulations were performed in the NVT en-
semble, using a Nosé-Hoover thermostat. The timestep
was set to 1.5 fs. MD simulations were performed for tem-
peratures of 600-1500 K, depending on the stoichiometry.
The simulations have to be performed at elevated tem-
peratures to be able to observe diffusion events within
the system size and time constraints of AIMD simula-
tions [21, 22]. The systems were heated to the final tem-
perature over a period of 2 ps, with velocity scaling at

each timestep. After an equilibration time of 6 ps, the
simulations were run for at least 150 ps. Final configu-
rations of AIMD runs were optimised and inspected to
verify that the host framework had not changed. Simula-
tions were performed for stoichiometries LisNb1oWOs33,
LiSmeWOgg, L117Nb12WO33, and Ling14W3044, but
various problems were encountered during the AIMD
simulations, and a detailed description is given in the
Results section.

The tracer (or self-) diffusion coefficient D* is defined
as

1 d1 Y
¥ _ TN o E . . 2
DY =g im o i:1<|r2(t+t0) it
1. d, .,
= 5 dim 7 (Ar(®) ®

where N is the number of diffusing particles, and d is
the dimensionality of the diffusion (d = 1 for the Nb/W
oxides, see below). We note that the averaging over ini-
tial times ¢y is essential to obtain well-converged results.
The tracer diffusion coefficient was determined by a lin-
ear regression of 2dt against (Ar?(¢)). Plots of the mean
squared displacement as a function of time are available
in the Supporting Information (Fig. S4). Assuming a
temperature dependence of the diffusion coefficient of

Eq

D*(T) = Dy e *8T, Arrhenius plots were constructed
to determine the activation energy FE,. The diffusion co-
efficients at room temperature were obtained by extrap-
olating the Arrhenius expression, as AIMD simulations
at room temperature are not feasible [21, 22].

The probability density distribution [23] of lithium ions
in the structure, P(r), was extracted from simulations
at 900 K for all studied stoichiometries. P(r) was ob-
tained by counting the number of Li ions at each point
on a uniform grid over the unit cell, and averaging over
the simulation time. Resulting structures were visualised
with VESTA [24].

III. RESULTS

Lithium hopping in Nb;2WO33. Owing to the
large unit cell and low symmetry (space group C2) of
Nb12WOs3, there are many inequivalent lithium posi-
tions. Each cavity contains multiple lithium positions,
e.g. cavity II contains positions A, B, C, and D. These
positions were previously described in Ref. [11], and are
relabeled as compared to previous work for ease of presen-
tation (Fig. 2a). Despite the fact that they are symmet-
rically inequivalent, they can be clustered based on their
local structure. Fivefold coordinated ‘pocket’ sites (A, B,
H, I) are found along the shear planes at the periphery of
the block (red rectangle, Fig. 2). The other sites (C, D,
E, F, G) are fourfold coordinated ‘windows’, described
as ‘horizontal’ or ‘vertical’ depending on the orientation
of the window relative to the plane of the block [11]. We
note two subtleties about their local structure: (1) the
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FIG. 2. Minimum energy paths and activation barriers (NEB) for lithium ion motion in Nb;j2WOss. (a) Lithium sites (A-I) and
hops between them. A 3 x 4 block is framed by the red rectangle representing the shear planes. Cavities are labelled by type.
(b) Hops and energy profiles/activation barriers in Cavity II and (c¢) Cavities III and VI. (d) Energy profile along the paths with
very low barriers. Local rattling processes (D<D’, G++G’) show the lowest activation barriers (15-35 meV), followed by hops
faciliating long-range diffusion down the b axis (C+D, E<F, G+ F’, 70-140 meV). These b-axis hops percolate the structure
through a chain of effectively equivalent jumps shown by the red arrows in (b) and (c). Cross-block motion (A<+B, H«I) has
very high activation barriers and is therefore slow. Niobium shown in dark blue, oxygen in orange, lithium in off-white, and

tungsten in grey.

vertical window positions next to the shear planes (F, F’)
more strongly resemble threefold coordinated sites, and
(2) in all window positions, the lithium ions sit above
the plane formed by the oxygen atoms. A split position
is present on the other side of the window. For example,
Li ions in D and D’ (Fig. 2a) are 0.5 A above the plane

formed by the four oxygens.

A continuous path (with a few branches) through the
cavities in Nb1osWOQ33 is shown in Fig. 2. This path does
not include all possible barriers, even in the dilute limit,
but rather all transitions between the different types of
sites. Note that there is a twofold rotation axis running



through the center of the block, so that the unlabelled
part is equivalent by symmetry. The two type III cavi-
ties in Fig. 2 are structurally very similar but not equiva-
lent by symmetry, and are therefore both included in the
path.

Results presented in Figure 2 show a clear hierarchy
of activation barriers, and therefore lithium motion, in
Nb12WO33. Very high barriers are found for motion from
one block to another, either by crossing the shear plane
(hop A<+B, AExra = 0.80 eV, Fig. 2b), or by moving
through cavity VI (H«H <1, Fig. 2¢) next to the tetra-
hedral site occupied by tungsten. The motion through
cavity VI goes via a high energy intermediate H’ site
with an energy 0.6 eV above the most stable lithium site.
The sequence of hops H«+H’+>I encounters a barrier of at
least 1.0 eV. Due to the high activation barriers, lithium
motion from one block to another in the ac plane will be
very slow.

Hops from fivefold coordinated pocket sites at the
block edges into the block center (B«»C, H«F’,
Fig. 2b,c) present the next-largest barriers with values
of 0.44 eV. This value is rather large compared to the
barriers of other processes within the structure (see be-
low). It suggests that hopping between the sites at the
block edges and the sites in the block interior is slow, and
the block-peripheral pocket sites are therefore somewhat
isolated. The oxygen atoms that coordinate the lithium
ions in the pocket sites are rigid because they belong
to edges shared between octahedra. While moving out of
the pocket site, the Li ion loses the local bonding interac-
tion with the oxygens, which cannot bend towards the Li
to support it. This leads to the relatively high activation
barriers. The resulting minimum energy paths for B-C
and H&F’ hops involve Li almost ‘floating’ through the
cavity (Fig. 2b,c). Note that there is no direct G<>H hop;
an attempted NEB calculation for this hop goes via an
intermediate F site.

Within the ac plane, Li can jump between cavities
that belong to the same block with intermediate acti-
vation barriers (D+F E, = 0.36 eV, F&F E, = 0.2 eV,
Fig. 2b,c). Most of the hops within or out of cavity III
are faciliated by the interstitial-like F and F’ sites. As
shown in Ref. [11] and by the AIMD simulations (see be-
low), these F and F’ sites disappear at higher lithium
concentrations as the distortions of the framing octahe-
dra are removed.

The most important hops are those that facilitate long-
range diffusion along the b axis, specifically C<+D in cav-
ity II, and E<F and F'<G in cavities III. These pro-
cesses have low barriers of 70-140 meV, and cover jump
distances of 1.9 A, half the b lattice parameter. Note
that these hops form percolating chains along the b axis,
shown by the red arrows in Fig. 2b,c.

In addition, there are processes with ultra-low barriers
that are associated with ‘rattling’ in the fourfold coor-
dinated window positions (D+D’, G+G’). As described
above, the Li ion sits slightly above the plane formed
by the four coordinating oxygen atoms of the window.

An equivalent position is found on the other side of the
plane. Barriers for these local rattling processes are in the
range of 15-35 meV, on the order of the thermal energy at
room temperature (kT = 25 meV). For these ultra-low
barrier processes, the coordination of the Li ion barely
changes during the motion, explaining the very low ac-
tivation energies. The transition states are also fourfold
coordinated Li ions, sitting within the window formed by
the framing oxygen atoms, rather than slightly above or
below. Due to the low barriers and small distances, it is
more accurate to describe this motion as an anharmonic
vibration, rather than a Li ion jump.

Lithium hopping in Nb14W3044. The 4x4 blocks
of Nb14 W30y, feature a type I cavity in the middle of the
block, which is not present in Nb;sWOs33. In our struc-
ture model, tungsten occupies the tetrahedral site and
two of the block-central transition metal sites (Fig. 3).
The parent structure has a fourfold rotation axis through
the middle of the block. Note that Nb;4sW3044 has
a different axis system than NbioWOg33; the blocks lie
in the ac plane in NbjsWOg33, but in the ab plane in
Nb14W3044, due to the different space group.

The lithium diffusion paths and associated activation
barriers for Nb;sWO33 and Nby4 W30y are very similar:
the barrier for crossing from one block to another through
the crystallographic shear plane is again very high (A< B,
AFExgra = 0.82 eV). The hop from the pocket site at the
edge of the block to a window site (B<»C) has the next-
largest activation barrier of 0.42 eV.

The cross-cavity motion from type II to III has a high
barrier (D«F, 0.28 ¢V) compared to the II to I motion
(C&De&D’++G, max. barrier 0.11 V). The D—F hop
takes place next to octahedra at the shear plane, which
share edges and are strongly distorted. The octahedra
framing the path from cavity II to I on the other hand are
exclusively corner-sharing and do not show these strong
distortions. One of the oxygen atoms of the window next
to the shear plane is part of a shared edge, therefore less
flexible and less effective at supporting the Li ion during
the D<F hop, which leads to the higher activation bar-
rier. This rigidity of the oxygen atoms that are part of
shared edges between octahedra is also responsible for the
absence of stable lithium positions within the distorted
windows (cf. F sites), and the high barrier for hops be-
tween pocket sites and the block interior (see above). A
similar pattern is also found in Nb13WOs33 (Fig. 2), where
the motion between the type II cavities through the cen-
tral window shows a much lower activation barrier than
the hops next to the shear planes. AIMD simulations
(see below) confirm this pattern.

Cavities of type I are approximately cubic and show
the least distorted octahedra in the structure (Fig. 3a,b).
Li motion within cavity I is facile with low activation
barriers for hopping between the window sites (80 meV,
Fig. 3b), and even lower barriers for the rattling process
within window sites (e.g. G«+>G’, 30 meV). Cavity I is
connected to four type II cavities via low barrier hops,
which suggests that it facilitates Li motion within the
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FIG. 3. Minimum energy paths and activation barriers (NEB) for lithium ion motion in Nb1sW30u44. (a) View of the hopping
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plane is possible within a single block (red rectangle). Niobium shown in dark blue, oxygen in orange, lithium in off-white, and

tungsten in grey.

block plane to a much greater extent than the cavities
next to the shear planes.

The lowest energy barriers are found for motion along
the ¢ axis in Nb1u,W3044 (C+D in cavity II, GeD’,
G+H in cavity I), with values between 80-110 meV.
These hops can occur in Cavities I, II and III, even
though hops within IIT were not explicitly calculated for
Nb14W3044. The dominant diffusion pathway will there-
fore be along the ¢ axis (cf. b axis in Nbj2WOs3).

There are a number of subtleties regarding the inter-
pretation of the NEB results for both Nbi1sWO33 and
Nb14W3044 that are worth mentioning. The barriers are
reported as kinetically resolved barriers (cf. Methods) to
remove the direction dependence for hops that have end-
points with different energies. In terms of the activation
barrier for diffusion, it is the larger of the two barriers
that will be relevant (e.g. the D—C hop has a larger bar-
rier than C—D for Nb13WOs3s, Fig. 2). Another point to
note is that not all lithium sites have the same energy,
and the first lithium ions that are inserted into the struc-
ture will predominantly occupy the lower energy pocket
sites at the block edges. However, the other lithium sites
in the block interior are well within an accessible energy
range of less than 100 meV for Nb1oWQO33, and are en-
tropically favoured due to the fact that the potential en-
ergy landscape is inherently flatter in the block interior
than at the block edges, resulting in softer vibrational
modes. Furthermore, lithium ions in the lower energy
sites do not inhibit transport as they are tucked away in
pockets at the block periphery. For Nb1yW3044, there is
the additional complication of appreciable Nb/W cation
disorder, which will modify both the site energies and

activation barriers for lithium motion. All of these con-
siderations suggest that even at very dilute lithium con-
centrations, there is a population of lithium ions within
the block interior that can diffuse with activation barriers
of 0.1-0.2 eV.

Li Probability Density. AIMD simulations were
performed to study the lithium dynamics explicitly at
a range of lithium concentrations. Isosurfaces of the
lithium ion probability density of LisNbiaWO33 are
shown in Fig. 4. The lithium probability density P(r) is

related to an effective free energy landscape for lithium
_E@)
ions, E(r), via P(r) oc e *sT. Stable sites (purple iso-

surface in Fig. 4) are in agreement with those seen in the
NEB calculations (side-by-side comparison of NEB and
AIMD in Fig. S5). The dominant diffusion paths run
along the b axis in one-dimensional channels within each
cavity (light blue isosurface in Fig. 4). Interestingly, the
movement in the ac plane is dominated by hops between
the two type II cavities in the center, which are connected
by a bridge. Movement between the remaining diffusion
channels in type III cavities, and hops between the five-
fold coordinated sites and the 1D channels, is much less
probable. This is consistent with the results obtained
from nudged elastic band calculations: hops through the
windows next to the shear planes, and hops between five-
fold coordinated sites and those in the block centre, have
much higher activation energies than the movement down
the tunnels, or the rattling within the central window.

The Li probability density isosurface for
LigNb14,W35044 (Fig. S7) shows the same patterns:
a connected diffusion network between cavities of type I
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FIG. 4. Li-ion probability density distribution within LisNb12WOs33 obtained from AIMD simulations. Views parallel to the b
axis (top) and perpendicular to the b axis (bottom). Isosurface values are P = Ppuax/30 (light blue) and P = Pnax/5 (purple).
The network of connected sites participating in diffusion along the b axis is restricted to the block interior. While the tunnels in
cavities IT (bottom left) are connected to each other via a bridge, the tunnels in cavities of type III (bottom right) are isolated.

Diffusion channels and stable lithium sites are in very good agreement with NEB results (cf. Fig. 2b,c and Fig. S5).

and II, which is not connected to channels in cavities III.
LigNb;2sWO33 and LigNb14,W3044 share these patterns
due to the fact that cavities of the same type are
structurally very similar, even if they are found in blocks
of different sizes.

At higher lithium concentrations, the transition metal—
oxygen framework of the structure changes; distortions of
octahedra next to the crystallographic shear planes are
removed and the window sites next to the shear planes
become stable sites for lithium occupation. This is linked
to a contraction of the lattice parameters in the block
plane [11]. The structural change is a function of lithium
concentration, and is not present in LisNb1o W33, partly
in Ling12W033 (Flg 86), and fully in Lil7Nb12W033.
Stable lithium positions appear in the previously un-
stable distorted window sites, forming bridges between
type III cavities in LigNbijaWOs33 (Fig. S7). The dif-
fusion remains one-dimensional within tunnels running
along the b axis.

AIMD - Quantitative Analysis. Various prob-
lems were encountered during the AIMD simulations.
The temperatures of AIMD simulations have to be high
enough to see lithium motion on the timescale that is
accessible, but above 900 K defect formation was ob-
served in the host structure (see below). This limited
the available temperature range to 600-900 K. In terms

Stoichiometry Li/TM Dyt (m%s™1) E, (eV)
LigNbi13WOs33 0.615 1.8-107 12 0.31 £0.05
LigNb14W3044 0.471 3.2-1071 0.23 +0.03

TABLE I. Diffusion coefficients and activation energies ob-
tained from AIMD simulations. The diffusion is highly
anisotropic and only the value along the direction perpendic-
ular to the block plane Dt s reported (b axis in Nb1oWOss,
¢ axis in Nb14aW30u44).

of the stoichiometries, a large number of lithium ions are
required for sufficient statistics. However, if the concen-
tration of Li ions is too large, the dynamics becomes very
sluggish. These problems led to only two stoichiometries
(LigNb;2WO33 and LigNb14W30,44) having enough data
to do a quantitative analysis of the diffusion coefficients.
The analysis of the lithium probability density distribu-
tions above was performed for AIMD simulations at a
single temperature, for which sufficient data was avail-
able for all stoichiometries.

The diffusion coefficients over the temperature range
600-900 K for LiSNb12W033 and Ling14W3044 are
plotted in Fig. 5 together with an Arrhenius fit. The
resulting room temperature diffusion coefficients and ac-
tivation energies are listed in Table I. The diffusion coeffi-



cients are extracted by fitting the component of the MSD
perpendicular to the block plane, which corresponds to
the b axis in Nb12W033, and to the ¢ axis in Nb14W3044.
The diffusion coefficients are denoted D+ to make this
clear. The MSD within the block plane is not even lin-
ear due to the hard boundary formed by the shear planes.
Ling14W3044 shows faster diffusion than LisNb12W033
and the data for this compound is a better fit to the Ar-
rhenius expression, with a lower error on the estimate of
the activation energy.

Temperature (K)

10-7 900.0 700.0 600.0 500.0 400.0 350.0 300.0
o LigNb1,WO33
1081 0 LigNbysW30u4 ||
107°¢
)
wn
NE 10—10.
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10—13 L L L L L L L L L L
10 125 15 175 20 225 25 275 3.0 325
1000/ T (K1)
FIG. 5. Arrhenius plot of AIMD simulation results for

LisNb12WO33 (red) and LisNb14W3044 (blue). The shaded
region corresponds to extrapolation including standard errors
of the activation energies.

The activation energies for LigNb;oaWO33 and
LigNb14W30y44 are between 0.2-0.3 eV, slightly larger
than those obtained from NEB results (0.1-0.2 eV). The
increase in the activation energy is attributed to the
much larger lithium concentrations that are probed in
the AIMD simulations (roughly 0.5 Li/TM), which result
in repulsive Li-Li interactions, increasing the activation
energies for Li-ion hops. The extrapolated room temper-
ature diffusion coefficients are high (1072-1071* m2s~1),
comparable with values for solid electrolytes [6, 25]. The
activation barrier is lower, and the diffusion coefficient
higher, for LiSNb14W3044 than for Ling12W033. Both
the lower lithium content and the structural framework
with more and better connected tunnels are likely respon-
sible for this.

Tungsten interstitial defects. For AIMD simula-
tions above 900 K, tetrahedrally coordinated tungsten
atoms within the type VI cavities were observed to mi-
grate into adjacent octahedral positions (Fig. 6). These
interstitial defects were observed for both LigNb1osWOs3
and Li;7Nbi;oWO33, and occurred more frequently with
increasing temperature and lithium content. This in-
dicates that the activation barrier for the migration of
tungsten decreases with increasing lithium concentration.
The decrease in the activation barrier might be due to the

reduction of the transition metal ions and the removal
of distortions within transition metal-oxygen octahedra,
both of which are known to occur as the lithium con-
centration increases [6, 11]. Activation barriers for this
tungsten migration can not be obtained directly from the
AIMD simulations. However, given that the formation of
the defects occurred only above 900 K, and Li-ions are al-
ready observed to be mobile below that temperature, we
can conclude that the tungsten migration barrier is signif-
icantly larger than that for Li-ion migration. Meaningful
lithium diffusion coefficients were not extracted from sim-
ulations exhibiting these defects because the host frame-
work had changed, with new lithium positions and diffu-
sion pathways within the type VI cavities. This limited
the temperature range for AIMD simulations to 600—
900 K. We note that this type of tungsten interstitial
defect was previously observed experimentally, and was
suggested to explain off-stoichiometry in block-type nio-
bium oxide structures [26]. It could also be present in
small concentrations in the niobium tungsten oxides af-
ter synthesis. A detailed investigation of these defects is
left to future work.

FIG. 6. Interstitial defect observed to form in type VI cavi-
ties by migration of tungsten from a tetrahedral site into an
adjacent octahedral site.

IV. DISCUSSION

Overall, the diffusion mechanism in niobium tungsten
oxides with crystallographic shear structures is strongly
anisotropic, effectively one-dimensional down the tun-
nels, in agreement with previous suggestions [6, 14, 15].
Hops within the block plane are facile but eventually
hit the boundaries presented by the shear planes, which
prevent long-range motion perpendicular to the tunnels.
The Li-ion dynamics within the structures is constrained
to occur within blocks. NEB calculations show activa-
tion barriers of 0.1-0.2 eV in the dilute limit, and AIMD
simulations suggest activation barriers of 0.2-0.3 eV at
concentrations around 0.5 Li/TM. At those concentra-
tions, AIMD simulations predict room temperature dif-
fusion coefficients in the range of 10712-10~!! m2s~!, on
par with the best known solid electrolytes.

In addition to the overall mechanism, a number of
structure-specific details are worth discussing. The dif-
fusion of lithium ions in the structure occurs mostly
through hops between fourfold coordinated window sites,
which are located in the block interior. Hops into or out
of fivefold coordinated pocket sites occur much less fre-



quently, because these hops have large activation barri-
ers. The pocket sites are also connected to fewer neigh-
bouring Li positions than the window sites. If the parallel
1D diffusion channels are a ‘multi-lane highway’ [6], the
pocket sites are essentially parking spots.

We can expand on the role of the pocket sites at the
block edges a little more: at dilute lithium concentra-
tions, there is a question as to whether lithium ions are
trapped in those sites or not. There is a notable asym-
metry between lithium intercalation and deintercalation
here: starting with an empty Nb/W oxide structure, the
lithium ions have to enter the structure through one of
the channels, which will be exposed at surfaces of the
particles. In contrast, there is no direct way to enter one
of the pocket sites.

Once in the channels, ions are much more likely to
diffuse down the channels than move into the fivefold
coordinated pocket sites, due to the difference in the ac-
tivation energies. The relative probability can be esti-
mated by the ratio of the rates. Assuming activation
energies of 0.14 eV for down-tunnel motion (cf. Fig. 2,
C+D), 0.44 eV for a transition into a pocket site (cf.

Eq

Fig. 2, B«<C), and a rate expression I' o< e *87, the
down-tunnel motion is faster by a factor of

o—0.14eV /kpT

— ~ 5
T ¢—0.44eV/kpT 1.6-10

I—‘in—tunnel

1—‘tunnel~>pocket

for T = 293 K. Hence, once an ion is in the chan-
nel, down-tunnel transport is overwhelmingly likely, and
lithium ions therefore move down the tunnels rapidly be-
fore finally making a transition into a pocket site. Now
consider the reverse process of deintercalation: to pull
lithium ions in pocket sites out, they first have to make
a transition into the channels. But this is a slow process,
and lithium ions in the pocket sites could remain trapped
during high-rate deintercalation. Based on these consid-
erations, and the fact that there will likely be partial oc-
cupation of many sites at low lithium concentrations (cf.
Results), the pocket sites only significantly inhibit fast
lithium ion motion during high-rate deintercalation. The
practical implication for full battery cells with niobium
tungsten oxide anodes is that the charging process may
be faster than discharge, which is compatible with most
applications such as regenerative braking, fast charging
electronics, and others, that can utilize high input power
densities.

The different types of cavities contain different stable
lithium positions and diffusion channels, but these are re-
markably transferable between different compounds (i.e.
Nb12sWO33 and Nb14,W3044). Most notably, the type IIT
cavities at the block corners present more isolated diffu-
sion channels compared to the type I and II cavities. As
mentioned previously, this is due to the fact that motion
from a type III cavity into any neighbouring cavity in the
block plane must proceed via a distorted window, which
does not feature a stable intermediate lithium position.
On the other hand, moving out of type I or II cavities

through an undistorted window is easier due to an inter-
mediate stable Li position and hence a lower overall acti-
vation energy. Given the cross-compound transferability
of the properties of the different cavity types, one can
easily extrapolate what the lithium motion will look like
in shear structures Nb;gW5O55 and Nb1gWgOgg, even
though they were not studied explicitly in this work.
Overall, the shear structures of niobium tungsten oxides
present a complex energy landscape for lithium motion,
with very different barrier sizes: a flat landscape in the
interior giving rise to fast lithium diffusion, high barri-
ers for pocket sites, and very high barriers for moving
between blocks.

Due to these differences between cavity types, it seems
that structures with the maximum number of type I
and II cavities show the most interconnected diffusion
network and the fastest lithium diffusion. These would
also be the structures with the largest block sizes. Con-
sidering the four known niobium tungsten oxide single
block structures (Nb12W033, Nb14W3044, Nb16W5O55,
and Nbi1gWgOgg), it is therefore likely that the diffu-
sion is fastest in Nb1gWgOgg, although it is questionable
whether these differences can be accurately measured.
Of course, this argument is based on structural considera-
tions and neglects the impact of a changing ratio between
niobium and tungsten. The niobium tungsten oxides are
also partially disordered [11, 27], and while we have not
explored the effect of the cation disorder on the diffusion,
it could be important.

True one-dimensional diffusion is special because the
diffusing particles cannot pass each other. In fact, the
tracer diffusion coefficient for pure 1D diffusion is zero,
due to the fact that the mean-square displacement grows
as the square root of the time, rather than linearly [28].
In the niobium tungsten oxides, jumps between the one-
dimensional channels are therefore required to obtain a
non-zero tracer diffusion coeflicient. It would be inter-
esting to examine to what extent the constrained, ef-
fectively one-dimensional ionic motion is correlated, es-
pecially within the more isolated tunnels at the block
corners. We stress that this applies only to tracer diffu-
sion, not to chemical diffusion in 1D, which is still well
defined. The tracer diffusion coefficient describes mo-
tion of a single (tagged) particle, whereas the chemical
diffusion coeflicient is related to collective (mass) trans-
port [22, 28]. While the transport coeflicient is relevant
for rate performance, it is the tracer diffusion coefficient
that has been measured by pulsed-field-gradient (PFG)
NMR, spectroscopy measurements on lithiated niobium
tungsten oxide phases. The PFG NMR experiments
should therefore be sensitive to the correlation effects,
especially in shear phases with smaller blocks.

The PFG NMR measurements on Li,Nb1gW5Os55 show
room temperature diffusivities of 10713-1071? m?2s~!
and activation energies of 0.1-0.2 eV [6], while
Li,Nb;gsWgOgg shows even higher diffusivities of 10712—
10719 m2s~! [14]. These measurements were performed
for lithium concentrations up to 0.4 Li/TM, and probe



long-range lithium transport. Measurements on the two
phases studied in this work, Nb1s WO33 and Nb14W3044,
are not currently available. However, given the cross-
compound transferability demonstrated in this work, we
can tentatively compare values: both activation energies
and the magnitude of the diffusion coefficients are com-
parable, although lithium concentrations in this work are
either much lower (NEB) or higher (AIMD) than in the
experiments. The results presented in this work place
the experimentally derived values into context and offer
a detailed structural understanding of the mechanism.
PFG NMR experiments only measure long-range lithium
motion that contributes to diffusion. NMR relaxometry
experiments, on the other hand, probe all types of lithium
motion (including local motion) and provide estimates of
barriers. Relaxometry experiments would therefore be
very useful to understand the hopping motion and asso-
ciated barriers in more detail. It is unfortunate that the
high computational cost of AIMD simulations prevents a
more detailed study of the diffusion coefficients and ac-
tivation barriers as a function of concentration at this
time. Classical MD studies with appropriate potentials
would be very useful as an avenue for future work in this
direction.

V. CONCLUSION

In this work, we have used density-functional the-
ory calculations to study the lithium diffusion in nio-
bium tungsten oxide shear structures. Lithium diffu-
sion takes place in parallel tunnels, but is constrained
to be effectively one-dimensional by the crystallographic
shear planes. The Li-ion jumps that contribute to long-
range diffusion have activation energies of 0.1-0.2 eV in
the dilute limit, and slightly larger barriers at higher
lithium concentrations (around 0.5 Li/TM). The low ac-
tivation barriers lead to high room temperature diffusiv-
ities (10712107 m?s~! for stoichiometries probed in
this work), and are responsible for the excellent high-
rate capability of the niobium tungsten oxides in lithium
ion batteries.
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While the Li-ion motion that contributes to long range
diffusion takes place by jumps between window sites in
the block interior, there are a number of other processes
occuring within the structure: local rattling motions,
and jumps between window and pocket sites. In addi-
tion, the lithium motion is different depending on the
cavity type. The activation barriers for jumps between
different types of sites are transferable between different
niobium tungsten oxides, due to their strong structural
similarity. Overall, these results paint a clear picture
of the diffusion mechanism in niobium tungsten oxide
shear structures, and illustrate the relationship between
the diffusion mechanism and the atomic structure of the
materials. The same relationships should hold in other
crystallographic shear phases as well.
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